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Errata for
Kincaid et al. October 1993, Performance Assessment of Grouted

Double-Shell Tank Wiste Disposal at Hanford
(WHC-SD-WM-EE-004, Rev. 0)

The following changes are reflected in Rev. 1 of the subject document. The pages listed here are based
on the Rev. 0 edition.

Page Position Correction

Table 2.2

Footnote (a)

Table 2.4

Table 2.4

Figure 3.1

1st full
paragraph

Section 3.2.4.5,
2nd paragraph

Change heading over the 3rd column to read "Hanford
Airborne Effluents"

Change 3rd line of 1st column to read "Percent of Limit or
Standard"; delete "%" at end

Change 4th line of 1st column to read "Percent of Natural
Background Radiation"; delete "%" at end

Append the following: "An updated copy of Appendix E that
incorporates the minor change now appears in Appendix R."

Add footnote (i) to row titled " .. Pu": "The radionuclide
pair .. Pu is difficult to distinguish and, therefore, is shown
as a lumped pair. The activity shown is total for the pair.
The half life is for "Pu, the isotope with the longer half
life."

Footnote (h): Change "Activity shown is total for pair" to
"Activity shown is total for the parent."

Change text block under the heading "Release" from
"Diffusion Release" to "Advection and Diffusion Release"

Change 1st sentence to read, "This scenario . .domestic use
and irrigation of crops . ."

Append the following text to the end of the paragraph,
"Radionuclide concentrations on the ground surface are based
on the radionuclide concentrations in the waste feed stream
rather than the grout. This approach is conservative by 30%
to 40% with respect to the average concentration in grouted
waste because of the volume increase of 30% to 40%
associated with adding dry materials to form the grout."

Errata-1

2.42

2.46

2.55/2.56

2.56

3.2

3.18

3.20
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Page Position Correction

Section 3.2.4.5,
3rd paragraph,
4th line

Section 3.2.4.5,
3rd paragraph

3rd line

1st paragraph,
3rd line

Table 3.20

Text following
Eq. (3.9)

Text following
Eq. (3.10)

1st paragraph,
4th line

Append to the end of the sentence the following text, ". . .to

a depth of 15 cm."

Append the following text to the end of the paragraph,
"Radionuclide concentrations mixed into the 15-cm-thick
contaminated surface layer are based on radionuclide
concentrations in the waste feed stream rather than in the
grout. This approach is conservative by 30% to 40% with
respect to the average concentration in grouted waste because
of the volume increase of 30% to 40% associated with the
addition of dry materials to form the grout."

Change "No 1 " to "NO 2"

Delete "(superimposed on the recharge map; see Figure
3.14)"

The column heading (6th column) that begins "Travel Time"
should read as follows:

Travel Time
100-m Well (days) River (years)

The last entry in this table (row reads
"R=5 cm/yr and Qw = 45 m3/d"; column reads "Well
Intercept Factor") contains a typographical error. The value
0.0105 should be 0.105.

Following the sentence ending "... approximately 90,000 m2"
insert the following sentence: "For the 5-cm/yr recharge rate
cases, the 0.245-m3/d factor in Eq (3.9) is replaced by 12.3-
mr3/d."

Insert "Eq. (3.10) applies to the 0.1-cm/yr infiltration rate
cases. For the 5-cm/yr recharge rate cases, the 0.245-m3/d
factor in Eq. (3.10) is replaced by 12.3-m3/d.

Replace "ananisotropic" with "an anisotropic"

Errata-2

3.65

3.78

3.80

3.80

3.81

3.82
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Page

3.96

3.97

3.105

Position

Section 3.5.5.1,
2nd paragraph,
1st line

Last line before
section 3.6

Section 3.6.2.2,
1st full
paragraph, 10th
line

Figure 3.21

Table 3.-42---

Section 3.6.3.2,
1st paragraph

Section 3.6.4.1,
2nd paragraph,
2nd to last
sentence

Table 3.45, 2nd
to last line

Table 3.46,
Case 2.6A, last
sentence

Section 3.6.5.5,
last paragraph,
5th line

Errata-3

Correction

Insert "(Napier et al. 1988)" after the words "GENII
environmental dosimetry software system."

Change the acronym from "(NAMP)" to "(VAMP)."

Change "conservate" to "conservative"

Change the figure text identifying the area between the
"Asphalt Barrier" and "Concrete Roof" from "Low
Conductivity Concrete Cells" to "Low Hydraulic
Conductivity Computational Cells"

-Change last row in table from "Crack Site. ." to "Crack
Size. ."

Change text in last row, below column reading "Construction
Joint Cracks in Concrete Walls" from "Full Mode. ." to "Full
Node. ."

Change ". . .5,000 years for concrete and 5,150 years for the
asphalt barrier. . ." to ". . .5,000 years for the asphalt barrier
and 5,150 years for the concrete. ."

Amend the sentence to end as follows: ". . ,radon-222 was
estimated assuming an emanating power of 100%."

Change "9,467 cm/s" to "3.00 x 10- cm/s"

Change "3-ft" to "91.4-cm"

Capitalize the first word of the sentence beginning "the
relative uncertainties. . ."

3.123

1124 to
3.128

3.130

3.131

3.139

3.143

3.147
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Page

4.11

4.12

4.17

4.23 and 4.24

4.26

4.50

4.52

Position

1st full
paragraph, 6th
line in
parenthesis

Table 4.2

1st full
paragraph, 1st
line

Tables 4.4 and
4.5

Section 4.1.4.2,
last line on
page

Section 4.2.3,
1st paragraph,
5th line

Last paragraph,
2nd sentence

Correction

Change "grout 3C" to "group 3C"

Change heading reading "Cumulative Dose in Person-rem/yr"
to "Cumulative Dose (person-rem/yr)"

Add footnote [footnote (e)] to row labeled "Community
Well" that reads, "The community well serves 80 people."

Add footnote [footnote (f)] to row labeled "River" that reads,
"The downstream population in the river scenario is 5 x 106
people. "

The end of the line of text should read ".. the dose from
drinking. ."

Add footnote [footnote (a)] that reads "Supplementary tables
showing the results of the full inventory analysis are included
in Appendix P, Section P.7." The tables include results for
the intruder dose calculations of both the drilling intrusion
scenario (Table 4.4) and the post-drilling residential scenario
(Table 4.5). These tables include the following information:

- Grout Inventory
- Driller Scenario Pathway Dose Factors
- Driller Scenario Dose (mrem/yr, % of total dose)
- Post-Driller Garden Scenario Pathway Dose Factors
- Post-Driller Scenario Dose (mrem/yr, % of total dose)

Change to read: "Technetium-99 and tin-126 account for
96% . . ."

Insert the following sentence immediately after the sentence
ending with ". . .and selenium-79": "Detailed results of the
dosimetry sensitivity analysis are presented in Appendix N."

Change position of the word "only":
and post-drilling habitation scenarios,
are important at 100 years."

"In both the drilling
only changes in Cs-137

Errata-4
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Position

Section 4.3.6,
4th line

Bio for Rhoads

Bio for Snyder

1st paragraph

1st paragraph

ist paragraph

Exhibit 1.3,
footnote (a)

Snyder et al.
reference

Exhibit M.1

Correction

4.57

Errata-5

Page

6.7

Replace the words ". .. dose factors for..." at the end of the
line with ". . .consumption rate of. . ."

Change "Health Physics Department" to "Health Risk
Assessment Department"

Change the end of the first sentence in the text to read
".. . (1985-1988), Health Physics Department (1988-1993),
and Health Risk Assessment Department (1993-present).'

Change "Health Physics Department" to "Health Risk
Assessment Department"

Chapter 7 has been revised to include references missing
from the Rev. 0 document. Throughout the text, reference
callouts have been corrected where necessary.

Change second sentence: "GENII (GENeration II), the
second generation of Hanford Environmental Dosimetry
System computer codes, was originally. . "

Change reference of last sentence from "Section I.1" to
"Section 1.4".

Change "Snyder et al. 1992" to "Snyder et al. 1994."

Change "Pci" to "pCi"

Change to most recent version: "Snyder, S.F., W T. Farris,
B.A. Napier, T.A. Ikenberry, and R.O. Gilbert. 1994.
Parameters Used in the Environmental Pathways and
Radiological Dose Modules (DESCARTES, CIDER, and CRD
Codes) of the Hanford Environmental Dose Reconstruction
Integrated Codes (HEDRIC). PNWD-2023 HEDR Rev. 1,
Battelle, Pacific Northwest Laboratories, Richland,
Washington.

Add footnote by the "X" in the column labeled "Flood,
Upward Diffusion,. . ." and the row labeled "Drinking water
from: groundwater". The new footnote reads: "This
pathway was not considered in the flood and upward diffusion
scenarios."

6.8

Chapter 7 -
References

1.1

1.4

4.5

1.17

1.23

M.2
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Position

Column title in
Exhibit M.3

Table
references

4th paragraph,
last sentence

M.6

M.6

M.7

P.54

Correction

Replace the "/" with a space in the column heading "Post-
drilling/Home Garden Scenario Parameters (units)".

Make the reference format consistent in the "Basis" column.
[Should be NAME (19xx)]

Remove "/" in last sentence reading "post-drilling/home
garden scenario"

Add new Section P.7 providing supplementary tables showing
the inventory, dose factors, and percent of total dose for the
full inventory analysis of the intruder dose calculations for
both the drilling intrusion scenario and the post-drilling
residential scenario. These supplementary tables are labeled
Tables P. 12 through P.16. The existing Section P.7 becomes
Section P.8.

Add the new Appendix R, "Compilation of Responses to
Requests for Further Information Made by the Peer Review
Panel"

Errata-6

Page

New section
P7

Appendix R
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Summary

The Hanford Defense Waste Environmental Impact Statement (HDWEIS) (U.S. DOE 1987) and
the subsequent Record of Decision established that the low-level fraction of the liquid, radioactive wastes
stored in double-shell tanks at the Hanford Site will be treated to produce a grout waste form that immo-
bilizes the wastes. The grouted waste will then be disposed of in large, subsurface concrete vaults on the
200 Area plateau. U.S. Department of Energy (DOE) Order 5820.2A (U.S. DOE 1988a) requires that

"Field organizations with disposal sites shall prepare and maintain a site-specific radiological
performance assessment for the disposal of waste for the purpose of demonstrating compli-
ance with the performance objectives ..."

This document provides the performance assessment required for the Grout Disposal Facility. It provides
a technical analysis of potential impacts to the public from the release of waste radionuclides disposed in
grout. This analysis includes an evaluation of disposal system properties, environmental conditions, and
public exposure scenarios. These potential future conditions are analyzed for time periods extending up
to 10,000 years for comparison to the performance objectives. Analyses beyond 10,000 years are con-
ducted to evaluate potential maximum impact. Although future events cannot be predicted with certainty,
the rangeof scenarios presented in this performance assessment provides some understanding of the
critical elements influencing public exposure from waste disposal.

This performance assessment is intended by DOE order to be a living document, meaning that, as
needed, the analyses will be updated to provide a new assessment of impacts. Concurrently, this perform-
ance assessment provides information that enables the disposal program to develop and implement
improvements to the waste disposal system.

S.1 Disposal System

The Grout Disposal Facility is located within the Hanford Site, in southeastern Washington state,
approximately 205 m (675 ft) above mean sea level (Figure S.1). This area, considered to be a semiarid
desert, receives an average of 16 cm (6 in.) of precipitation per year. The soil column at the disposal site
consists of sand, silts, and gravel deposits that extend approximately 60 to 70 m (200 to 230 ft) from the
surface to the uppermost groundwater aquifer

Approximately 120 million liters (32 million gallons) of low-level liquid waste from the Hanford
Site's double-shell tanks will be disposed of as grouted waste in the Grout Disposal Facility. Liquid
wastes from the tanks will be mixed with cementitious dry materials, and the resulting grout slurry will be

iii September 1994
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Figure S.1. Map of the Hanford Site and the Grout Disposal Facility
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pumped into large concrete vaults to solidify. Each vault will contain up to 5.3 million liters (1.4 million
gallons) of grouted waste derived from 3.8 million liters ( million gallons) of waste. The remaining
space between the top of the radioactive grout and the interior roof of the vaults will be filled with a non-
radioactive grout to prevent subsidence.

The Grout Disposal Facility uses many engineered barriers to isolate the grouted wastes from the
environment. Figure S.2 shows a cross section through a typical pair of vaults and shows the major
components of the engineered disposal system. The grout provides the initial immobilization of the
wastes. Because the waste contains hazardous waste components, the vaults containing the grout are
designed to meet Resource Conservation and Recovery Act (RCRA) requirements for double contain-
ment. The vaults have a double liner and a leachate collection and detection system. Each vault is sur-
rounded by a I-m (3.3-ft) thick solid asphalt pavement diffusion harnier to retard water migration into,
and contaminant movement out of, the vaults. The RCRA cover consisting of a sloped clay/soil layer will
be placed over each pair of vaults. The Grout Disposal Facility eventually will be covered with an addi-
tional protective barrier and marker system that is currently under development at the Hanford Site. This
protective barrier is intended to reduce water infiltration and to warn and deter inadvertent intruders.

Protective Barrie
- Sandy Loam

Top Soil
* Filter Laysr
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Block
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Figure S.2. Grout Disposal Facility--Closed Vault Pair
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S.2 Regulatory Guidance/Performance Objectives

DOE Order 5820.2A provides performance objectives for the disposal of low-level radioactive
wastes. The DOE Richland Operations Office (RL) has also issued an order designated

DOE-RL Order 5820.2A that provides additional guidance on performance objectives specific to the
Hanford Site. These performance objectives focus on protection of the 1) general public, 2) inadvertent
intruders, and 3) groundwater resources. In this performance assessment, performance objectives from
DOE orders are called regulatory performance objectives. In addition, the Hanford Grout Disposal Pro-
grain has established further programmatic performance objectives. These performance objectives are

presented below and are summarized in Table S. 1.

S.2.1 General Public Protection

The regulatory performance objective (from DOE-RL Order 5 820.2A) for the protection of the

general public is to ensure that the maximum exposure to any member of the public does not exceed
25 mrem/yr for at least 1,000 years after disposal. Exposures occurring after 1,000 years are to be as low
as reasonably achievable (ALARA) such that the maximum population exposure is less than 500 person-
rem/yr. The programmatic performance objective is to not exceed 25 mrem/yr for 10,000 years and
ALARA thereafter. In addition, federal clean air regulations limit releases of radon to the atmosphere to a

rate less than 20 pCi/m2_ S

S.2.2 Inadvertent Intruder Protection

DOE Order 5820.2A provides performance objectives for protection of intruders who may inad-
vertently intrude into the facility after loss of active institutional control (100 years). The Order provides
a limit of 100 mrem/yr for continuous exposure and 500 mrem for a single acute exposure. The DOE-RL
Order 5 820.2A specifies that for wastes that may exceed performance objectives for intruders beyond
100 years, passive controls are to be included in the disposal system to warn and deter intruders for up to
500 years.

S.2.3 Groundwater Resource Protection

DOE Order 5820.2A requires protection of the groundwater resource consistent with federal, state,
and local requirements. DOE-RL 5820.2A clarifies that dose from radionuclides in the groundwater
should not exceed an effective dose equivalent of 4 mrem/yr to an individual who drinks 2 L/d (2.1 qt/d)
from the aquifer. Although the DOE-RL Order specifies these objectives must be met for at least
1,000 years, the grout program has adopted 10,000 years as a programmatic performance objective for
meeting the dose limit. Both radionuclide and chemical impacts are presented to demonstrate ground-
water resource protection.

September 1994 Vi



WVHC-SD-WM-EE-004, Rev. I

Table S.1. Performance Objectives for Grout Disposal System

Exposure Pathway Time Period Performance Objective

Maximum individual
dose through all
pathways

General population
protection (ALARA)

Air emissions after
disposal (radon)

General Public Protection

1,000 yr (DOE-RL 5820.2A)
10,000 yr (Programmatic)

>1,000 yr (DOE-RL 5820.2A)
>10,000 yr (Programmatic)

25 mrem/yr

500 person-rem/yr

20 pCi/rn -s

Intruder Protection

Continuous radiation
exposure to intruder

Single acute radiation
exposure to intruder

Drinking water

500 yr (DOE-RL 5820.2A)

500 yr (DOE-RL 5820.2A)

Groundwater Resource Protection

1,000 yr (DOE-RL 5820.2A)
10,000 yr (Programmatic)

100 mrem/yr

500 mrem

4 mrem/yr

S.3 Exposure Scenarios

The engineered Grout Disposal System is designed to effectively contain the radioactive wastes for
hundreds to thousands of years and beyond. Short and intermediate half-life radionuclides will decay to
benign products before reaching the environment. As the engineered system degrades over time, long-
half-life radionuclides and chemicals eventually will be released into the environment. The contaminants
reach the accessible environment by the natural processes of diffusion and advection through the engi-
neered disposal system and down through the surrounding soils and sediments. Eventually the contami-
nants reach the groundwater and the Columbia River. Members of the public may be exposed to the
contaminants by using the groundwater or Columbia River water, through exposure to contaminated soil,
or from gaseous releases. Humans who inadvertently intrude into the disposal site will also be exposed to
the contaminants.
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In this performance assessment, computer models were used to predict the movement of radio-
nuclides through the engineered disposal system, down through the unsaturated soils and sediments

beneath the grout vaults, and into the groundwater and Columbia River. Several scenarios were then
evaluated to estimate the potential dose to individuals exposed to the radionuclides. These scenarios
include a farm or garden irrigated with water drawn from the groundwater, use of the groundwater as a
drinking source, and use of the Columbia River water. Scenarios were also examined to estimate the
acute and chronic impacts of human intrusion into a grout vault.

In the irrigated farm scenario, water drawn from a weh downgradient of the Grout Disposal Facility
is used for irrigation, livestock water, and drinking water on a 2-hectare (5-acre) farm. The maximally
exposed individual receives radiation dose by drinking the well water, consuming crops and animal prod-
ucts, and contacting the contaminated soil.

The irrigated garden scenario is similar to the irrigated farm scenario except that it excludes the
animal product pathway. A lower volume of water is used in the garden scenario than in the farm sce-
nario. The garden scenario is used to assess the impacts from potentially higher contaminant concentra-
tions in groundwater resulting from reduced groundwater pumping.

In the Columbia River scenario, groundwater transports contaminants to the Columbia River. A
population of 5 million people living along or near the Columbia River is assumed to use the river for irri-
gation, livestock water, drinking water, fishing, and recreation. The total dose to all affected users is cal-
culated for this scenario, rather than a dose to a maximum individual.

Two scenarios are used to estimate the acute and chronic impacts of human intrusion into the dis-
posal site. The acute intrusion scenario considers inadvertent drilling directly through the grouted waste.
Radiation exposure occurs from contacting the drill tailings and inhaling suspended dust during drilling.
The chronic intrusion scenario considers the impacts to an individual who inhabits the site after drilling.
Contaminated soil is spread around the homesite. Exposure occurs by consuming food grown at the site
and directly contacting the soil.

S.4 Methodology

This performance assessment was conducted through a series of computer simulations to model the
long-term performance of the Grout Disposal Facility. The simulations were used to follow the move-
ment of contaminants from the grout, through the vault and asphalt barrier, and through the soils and sedi-
ments to the groundwater beneath the disposal site. Specific simulations or cases were run to compare to
performance objectives (compliance cases), to evaluate design features (design cases), and to evaluate
model sensitivities (sensitivity cases).

Four compliance cases were run to provide the basis for comparison to the performance objectives
outlined in Section S.2. These cases incorporate different models for the long-term performance of the
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disposal system. All included the gradual degradation over time of the grout, vault, and asphalt barrier
from cracking and biodegradation of the asphalt. The compliance cases included a central compliance
case and cases with delayed cracking of the vault and asphalt, reduced structure resolution, and a compos-
ite model of cracking.

The five design cases help determine the role of individual components in the engineered system

and identify those that most significantly influence the long-term exposure and dose estimates. This
knowledge provides insights into the value of the disposal system components and defines those system
components whose physical, hydraulic, and transport properties are important to the system. The design
cases evaluated the roles of the grout waste form, vault, asphalt barrier, gravel layer above the asphalt bar-
rier, and the RCRA cover.

Sensitivity cases were developed to evaluate how sensitive model estimates were to changes in
input parameters and to understand the effect of inherent material properties on the overall system per-
formance. These properties include contaminant retardation coefficients, unsaturated hydraulic proper-
ties, saturated hydraulic propertiesdegradation rates, and degradation locations. The sensitivity cases
also considered the impacts of a higher water infiltration rate. Ranges of these properties are modeled to
quantify the impact on public exposure The relative change in dose resulting from property changes is a
measure of the sensitivity.

S.5 Performance Assessment Results

Several key points should be considered when interpreting the performance assessment results.

I. A person living in the Columbia Basin currently receives approximately 300 mrem/yr of

background radiation from natural sources (sun, food, soil). The calculated doses defined
within this report are in addition to the naturally occurring background radiation.

2. The calculated doses show the incremental impact of the grout disposal action.

3. The radiation doses described for the irrigated farm and garden, drinking water, and intrusion
scenarios are for a maximally exposed individual.

4. The values provided here are indicators only of the disposal system's performance. The
uncertainties associated with any long-term projection necessitate judgment and careful con-
sideration when interpreting the projected values.

As described earlier, the performance objectives focus on protection of 1) the general public,
2) inadvertent intruders, and 3) the groundwater resource. Each objective is addressed below.
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S.5.1 General Public Protection

Exposures to the public are postulated to occur through the use of groundwater for farming and

gardening or through use of the Columbia River. Table S.2 shows the results of the analyses. The dose
to the maximally exposed individual is estimated to be less than 25 mrem/yr for times up to 1,000 and
10,000 years after disposal. Beyond 10.000 years, the estimated doses are above 25 mrem/yr. However,
the 500-person-rem/yr performance objective is the applicable objective at these times. Collective doses
for comparison to ALARA are shown at the time of peak exposure. All performance objectives related to
protection of the general public, as defined in DOE Order 5820.2A and DOE-RL Order 5820.2A, are met
by the planned disposal of grouted low-level waste.

Figure S.3 shows the estimated farm scenario doses for the compliance cases. The modeling
indicates that dose to an exposed individual is derived primarily from the long-lived radionuclides
iodine-129, technetium-99, and neptunium-237. Releases to the environment via groundwater are proj-
ected to be extremely low for several thousand years. After this period, iodine-129 and technetium-99 are
the greatest contributors to any projected dose. After 100,000 years, the rate of iodine-129 and
technetium-99 release to the aquifer decreases because of the depletion of the inventory. Neptunium-237
concentrations begin to show in the groundwater at this time. The long half life of each of these species
(greater than 10,000 years) contributes to the species' persistence at or near the disposal site. The sorp-
tion coefficients in the soil column and grout and the slow rate of aquifer recharge contributes to the sus-
tained contamination over long time periods.

Table S.2. Comparison to Performance Objectives for Protection of the General Public

Exposure Path

Groundwater,
irrigated farm

Groundwater,
irrigated garden

Radon emission
in air

Columbia River

Groundwater,
community well

Performance Objective

25 mrem/yr

25 mrem/yr

20 pCi/m 2 -s

ALARA - 500 person rem/yr

ALARA - 500 person rem/yr

Maximum Estimated
Dose or Concen-
tration (through

1,000 years)

<0.01 mrem/yr

<0.01 mrem/yr

N/A

N/A

N/A

Maximum Estimated
Dose or Concentra-

tion (through
10,000 years)

5.2 mrem/yr

8.2 mrem/yr

8 pCi/m 2 _s

<0.1 person-rem/yr

2.8 person-rem/yr
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102 DRTOTALF WKI
Regulatory Programmatic

Performance / Performance
Objective Objective

101 Case 1.0 - Central Compliance
Case 1.1- Delayed Cracking

- Case 1.2 - No HDPE Flow Path -

-. -- Case 1.3 - Composite Model 1/

0100

i41"

102 103 104 105 106

Time After Disposal, yr S9303041 52

Figure S.3, Estimated Farm Scenario Doses for the Compliance Cases. Shaded areas indicate where
performance objectives would not be met.

S.5.2 Inadvertent Intruder Protection

DOE orders specify that for wastes remaining hazardous to intruders beyond 100 years, passive
controls are to be included in the disposal system to deter intruders for up to 500 years. Because the
grouted waste will contain concentrations of radionuclides that may exceed the performance objectives
after the 100-year active institutional control period, passive controls are being designed into the disposal
system to warn and deter potential inadvertent intruders. The grout will be disposed at a minimum depth
of 5 m below grade. In addition, the disposal site will include markers such as granite monoliths at the
site boundary plus several layers of discs emplaced above the waste zone to warn of the potential hazard.
The large rock layer in the Hanford barrier, the asphalt barrier, and reinforced-concrete vault all act to
deter intrusion for at least 500 years. Therefore, the dose impacts for the intruder scenarios are compared
to the performance objectives at 500 years in Table S.3.

The intruder doses at 500 years are within the performance objectives. Based on the analysis per-
formed for the intruder scenarios, there is reasonable assurance that the doses to inadvertent intruders will
be within the performance objectives of 500 mrem for acute exposure and 100 mrem/yr for chronic expo-
sure at 500 years.
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Table S.3. Comparison to Intruder Protection Performance Objective

Scenario

Drilling

Post-Drilling Habitation

Dose at
-500 Years

8.4 mrem(a)

72 mrem/yr

Performance
Objective

500 mrem

100 mrem/yr

(a) Effective Dose Equivalent.

S.5.3 Groundwater Resource Protection

Table S.4 shows the results of the groundwater resource protection analyses. Both radionuclide and

chemical (nitrates) impacts are shown, The regulatory performance objectives identified in DOE-RL

Order 5820.2A for groundwater resource protection at 1,000 years are met by the grouted waste disposal

action. The longer term, 10,000-year programmatic performance objective is achieved by all but one
compliance case evaluated in this performance assessment. In that one case, there is sudden drainage
from the vault roof associated with the degradation of the roof. This drainage is not observed in the other

compliance cases because those cases more realistically include drainage paths associated with the cover
block joints. At the time of maximum impact beyond 10,000 years, doses from drinking groundwater are
above 4 mrem/yr, peaking at 19 to 26 mrem/yr at about 50,000 years.

Table S.4 Comparison to Groundwater Protection Performance Objective

Maximum Estimated
Dose or Concentration

Performance Objective at 1,000 Years

Radionuclides

Nitrates (as N)

4 mrem/yr

NA(a)

<10-5 mrem/yr

<10-0 mg/L

Maximum Estimated
Dose or Concentration

at 10,000 Years

0.4 to 6.9 mrem/yr

6.1 mg/L

(a) No specific performance objectives for chemical species. Drinking-water units are
10 mg/L.
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S.6 Conclusions

This performance assessment has calculated the general population, intruder, and groundwater
resource impacts from the disposal of low-level, double-shell tank waste. The results of this analysis
indicate that disposal of these wastes in the Grout Disposal Facility will not lead to doses above regula-
tory performance objectives for the next 1,000 to 10,000 years. Sensitivity studies show the key proper-
ties that most significantly impact the magnitude or timing of the results for this performance assessment
include the following:

- contaminant retardation coefficients in soils and engineered systems

* degradation of the concrete vault and asphalt barrier, including location and extent of cracks

* recharge rate of water through the disposal system from precipitation or irrigation.

Low water infiltration rates through the soil and disposal system, controlled by climate and barriers, will
allow-the-program to-meet regulatory and-programmatic performance objectives through 10,000 years.
After 10,000 years, hazards presented by the disposal action have been reduced by inventory depletion
and sorption such that performance objectives will continue to be met.
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1.0 Introduction

The Hanford Site in Washington State (Figure 1.1), owned by the U.S. government, has been used
extensively as a defense materials production facility by the U.S. Department of Energy (DOE) and its
predecessor organizations, the U.S. Atomic Energy Commission and the U.S. Energy Research and
Development Administration. Since the 1940s, operations at the Site have been dedicated to the produc-
tion of nuclear materials (primarily plutonium) and electricity, to diverse research, and to waste manage-
ment activities. During the course of operations, the Site has accumulated an inventory of radioactive
waste and mixed waste containing both radioactive and chemically hazardous constituents. Because of
decreasing defense-related needs for plutonium, production operations at the Site have ceased and the
Site's mission is now directed toward environmental restoration and energy-related research and technol-
ogy development. In conjunction with this new mission, DOE is proceeding with plans to permanently
dispose of radioactive and mixed waste that has accumulated over the last 50 years, much of which is
temporarily stored in single- and double-shell tanks on the Site. Based on the Record of Decision for the
Hanford Defense Waste Environmental Impact Statement (HDWEIS, U.S. DOE 1987), the waste cur-
rently stored in selected double-shell tanks will be pretreated to separate the low-level liquid fraction from
the high-level and transuranic waste, which ultimately will be sent to a high-level waste repository for per-
manent disposal. The low-level liquid fraction will then be combined with liquid waste from other
Hanford Site operations for onsite disposal in the Grout Disposal Facility, a near-surface disposal system
designed to contain low-level liquid radioactive and mixed wastes in a solid cement-like form.

The purpose of this report is to present the performance assessment for the Grout Disposal Facility
at the Hanford Site in accordance with DOE Order 5820.2A (U.S. DOE 1988a), the primary regulation
governing management and disposal of radioactive waste at DOE facilities. The Order requires that "field
organizations with disposal sites shall prepare and maintain a site-specific radiological performance
assessment for the disposal of waste for the purpose of demonstrating compliance with performance
objectives . . ."- in the Order, performance assessment is defined as ". . . a systematic analysis of the
potential risks posed by waste management systems to the public and environment, and a comparison of
those risks to established performance objectives."

This performance assessment describes the models, methods, and data used to evaluate long-term
performance of the grout disposal system. The results of the assessment are presented and compared to
performance objectives established for disposal of low-level radioactive waste. As plans for cleanup of
the Hanford Site proceed, the characteristics of the waste streams or the design of the Grout Disposal
Facility itself may undergo changes from those described in this performance assessment, in which case
the analysis would be updated as necessary.
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1.1 Scope of the Performance Assessment

The Grout Disposal Facility comprises the final disposal system for low-level liquid waste from
double-shell tanks that has been incorporatedinto grout. It is part of a larger complex known as the Grout
Treatment Facility, which also includes radioactive waste transfer equipment, dry materials storage capa-
bility, and the Grout Processing Facility. This analysis pertains only to the long-term performance assess-
ment of the Grout Disposal Facility following the facility's final closure. Disposal of the hazardous waste
components under the Resource Conservation and Recovery Act (R CRA), and operational safety issues
related to processing and disposal of the waste, are addressed in separate analyses (see Section 1.3.3).

The wastes to be disposed at the Grout Disposal Facility consist of low-level radioactive and mixed
liquid wastes from a variety of sources at the Hanford Site, including operations at N Reactor, the
200 Area chemical separations areas, and other Hanford facilities such as the 300 Area fuel fabrication
facilities and miscellaneous laboratories. Approximately half of the waste consists of the low-level liquid
fraction of pretreated high-level and transuranic wastes that result from reprocessing irradiated production
reactor fuel and producing plutonium metal. All of these wastes will be stored in the double-shell tanks at
some time prior to final disposal. The wastes may be pretreated by a variety of processes either to con-
centrate dilute liquids or remove specific radionuclides from more concentrated waste streams. The
liquid waste to be incorporated into grout has a relatively high concentration of dissolved salts and sus-
pended solids, and contains a number of inorganic chemical species that are regulated as hazardous waste
under RCRA. Although this performance assessment is primarily concerned with the radioactive constitu-
ents in the waste, an abbreviated analysis of regulated nonradiological components is also presented for
completeness.

1.2 General Characteristics of the Disposal Facility and Its Environment

The Hanford Site is located in a semiarid region of southeastern Washington State. The surround-
ing area is primarily agricultural. The Site is bounded on the north and east by the Columbia River, and
by the Rattlesnake Hills to the southwest. The cities of Richland, Pasco, and Kennewick are located at
the southeast comer of the Site. The Grout Disposal Facility is being constructed adjacent to the eastern
boundary of the 200 East Area, approximately in the center of the Hanford Site (see Figure 1.1).
Chapter 2 of this document provides a complete description of the Grout Treatment Facility and its
environment, characteristics of the waste to be disposed at the site, and the components of the disposal
system.

The geology of the Hanford Site is characterized as heterogeneous gravelly, sandy, or silty sedi-
mentary deposits overlying a foundation of basalt and clay formations. The 200 East Area sits on a
plateau that is elevated from the Columbia River plain, and is bounded by several basalt formations pro-
truding above the soil surface. An unconfined aquifer underlies much of the Hanford Site at the interface
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between the upper sedimentary strata and the relatively impermeable basalt or clay formations below.
Groundwater in the unconfined aquifer beneath the 200 Areas flows generally toward the north and east
to the Columbia River.

The Grout Disposal Facility is designed as a near-surface burial ground consisting of sealed rein-
forced concrete vaults that provide primary containment for the grouted waste. The vaults are designed to
meet RCRA requirements for double containment, including a concrete catch basin filled with gravel
beneath each vault. The catch basin permits monitoring of any liquid leaching from the vaults during the
RCRA monitoring period (approximately 30 years). The vaults will be nearly filled with grouted waste,
which will be capped with nonradioactive grout. The vault will also be covered with concrete blocks and
_aprestressedlconcretelid. The entire vault willbe surrounded by an asphalt barrier consisting of an
-asphalt-aggregate mixture-compacted to approximatety-4%-void-space (hereafer referred LU as the
"asphalt barrier"). For each pair of vaults there will be a gravel layer over the top of the asphalt barrier
and a sloped RCRA cover containing soil and bentonite clay. The entire disposal facility will also be pro-
tected by a multilayered barrier which is being designed to minimize water infiltration; wind erosion; and
intrusion by plants, animals, and people over an extended period. The components of the disposal system
were developed over a number of years to minimize infiltration of precipitation through the burial site and
to prevent diffusion of water vapor from the surrounding soil into the vaults. A schematic drawing of the
disposal system is shown in Figure 1.2.

1.3 Background Information and Related Analyses

Over the past 10 years, scientific and engineering studies have been conducted to characterize the
grout disposal system, including the radionuclide inventory in the waste, the grout formulation, the design
of the engineered barrier system, and the long-term material properties of the grout and barrier compo-
nents. The following sections summarize these studies and describe their relationship to the current dis-
posal system design.

1.3.1 Comparison to Previous Analyses

Various documents have addressed environmental aspects of defense waste management at the
Hanford Site. The most relevant of these include the Final Environmental Impact Statement - Disposal of
Hanford Defense High Level, Transuranic, and Tank Wastes (HDWEIS, U.S. DOE 1987) and Long-Term
Performance Assessment of Grouted Phosphate/Sulfate Waste from N Reactor Operations (Sewart et al.
1987).

The HDWEIS was a programmatic decision-making document that provided analyses of environ-
mental impacts for selecting final disposal strategies for the high-level, transuranic, and tank wastes gen-
erated during national defense-related work and currently stored at the Hanford Site. The physical and
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chemical characteristics of the waste forms considered in this document are highly diverse and the waste
had not been completely characterized at the time the document was prepared. The waste forms include
liquid waste in double-shell tanks, vitrified wastes in steel canisters (from processed double-shell tank
wastes), sludge and salts in the single-shell tanks, strontium and cesium capsules in transport containers,
pre-1970 wastes previously disposed in various forms, and grout containing low-level liquids from proc-
essing of double-shell tank waste. This performance assessment updates and expands the analysis pre-
sented in the HDWEIS to include new design elements in the Grout Disposal Facility and additional
information about the waste composition.

The performance assessment of grouted phosphate/sulfate waste (PSW) served as input to the Envi-
ronmental Assessment for the Grouting and Near-Surface Disposal of Low-Level Radioactive Phosphatel
Sulfate Waste from N Reactor Operations (U.S. DOE 1986a). This document analyzed the long-term
performance of PSW grout disposal in terms of 1) potential incremental increases of regulated chemicals
in groundwater and in the Columbia River, and 2) potential incremental radiation doses to a person who
either intrudes directly into a grout monolith or who uses groundwater contaminated by the long-term
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release of PSW radionuclides. The waste analyzed in the report is a low-level radioactive waste gene-
rated by decontamination operations and other activities associated with operation of the N Reactor on the
Hanford Site. Disposal of these wastes has been completed. This performance assessment presents a
more comprehensive analysis, including wastes that were not evaluated in the PSW performance
assessment.

1.3.2 Evolution of Grout Disposal Facility Design

The current design of the grout disposal system analyzed in this document has evolved in part
through an iterative process incorporating a number of preliminary performance assessment activities.
The original concept called for disposal of the low-level tank wastes as a grout slurry that would be
pumped into large subsurface, reinforced concrete vaults. After the grout slurry had hardened and cured,
the remaining space within the vault would be filled with a nonradioactive grout. To meet the require-
ments for hazardous waste disposal as defined in RCRA, the vaults were designed to include double
liners, a leachate detection and collection system, and a cap to divert water that infiltrates through the soil
away from the wastes. At the time of closure, a surface barrier would be placed over the entire site to
reduce the quantity of water percolating through the soil and to prevent intrusion into the disposal site.

This basic disposal system design was analyzed in the HDWEIS (U.S. DOE 1987, Appendix D)
and in the performance assessment prepared for the disposal of grouted PSW from N Reactor operations
(Sewart et al. 1987). One vault was constructed according to this design and was successfully filled in
1988 and 1989 with 5,300,000 L (1,400,000 gal) of grouted PSW waste. This grout was recently sampled
and characterized, and it met all performance criteria established for that analysis (Huang, Mitchell and
Conner 1993).

During the time when the HDWEIS and the PSW performance assessment were being completed, a
preliminary performance assessment was prepared for double-shell slurry feed (DSSF), the waste sched-
uled to be grouted following grouting of the PSW wastes. This preliminary assessment analyzed four dif-
ferent engineered disposal systems, including 1) grout in a vault (called a "bare monolith"), 2) a grout/
vault monolith covered by a surface barrier to reduce recharge through the disposal site, 3) a grout/vault
monolith encased in a diffusion barrier consisting of gravel or asphalt to prevent water from contacting
the monolith and to slow diffusion of contaminants from the vault, and 4) a grout/vault monolith encased
in the asphalt or gravel barrier and covered with the surface barrier. The only design that met the pro-
posed groundwater protection objective (based on drinking-water dose) was that for the disposal system
incorporating the grout monolith, vault, asphalt or gravel barrier, and surface barrier.

Based on that preliminary performance assessment, the design of the grout disposal system was
revised to include a diffusion barrier surrounding the grout/vault structure. Construction limitations
required that the catch basin, which provides the secondary containment required of a RCRA disposal
system, be added beneath the grout vault. The original concept for the diffusion barrier called for
91.4 cm (36 in.) of gravel. However, laboratory testing revealed that the maximum allowable diffusivity
could not be achieved with gravel alone. Asphalt-coated gravel met the diffusivity requirement and was
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incorporated into the disposal system design. Asphalt was selected because it is hydrophobic, and it is
expected to exhibit long-term durability in a natural subsurface environment. A preliminary performance

assessment based on this revised design showed that the performance objectives for the grout disposal
system would be met.

The latest change in the grout disposal system was made when water-vapor return was identified as
a mechanism by which water could contact the wastes and lead to potentially significant releases of con-
taminants from the disposal system (Cary, Gee and Whyatt 1991; Appendix L). Because of the high ionic
strength of liquids in the grout, diffusion of vapor from more dilute moisture in the surrounding soil could
cause water to accumulate at the vault surface. To slow this vapor diffusion process, the material used for
the diffusion barrier was changed from asphalt-coated gravel to an asphalt/aggregate mix similar to that
used in highway pavements. Vapor and ionic diffusion rates through this mix were determined to be low
enough to ensure that performance objectives would be met. This analysis was conducted to determine
the magnitude of vapor diffusion in the absence of other sources of water infiltration. In relative terms,
vapor diffusion would account for a relatively small fraction of the water that contacts the grouted waste.
Also, the thickness of the diffusion barrier was increased to 102 cm (40 in.) to ensure that the barrier
would retain a minimum 91.4-cm (36-in.) thickness after allowing for biodegradation over 10,000 years.

Because the next four vaults to be filled were under construction when water vapor return was iden-
tified as a potential release mechanism, the diffusion barrier beneath the catch basins for those vaults is
composed of a 46-cm- (18-in. minimum) thick layer of the asphalt/aggregate pavement on top of another
46-cm-thick layer of asphalt-coated gravel. The current design calls for future vaults to be constructed
with a minimum 100-cm-thick layer of the asphalt/aggregate pavement surrounding the vaults, including
the layer beneath the catch basin.

Using information obtained from the previous analyses, the engineered grout disposal system has
evolved into the design analyzed in this performance assessment. The major components of the system
are the grouted waste, the lined, reinforced concrete vault structure with a catch basin, an asphalt barrier
surrounding the vault, a RCRA cover, and a surface barrier to be placed at the time of site closure. The
details of this engineered grout disposal system are presented in Chapter 2.

1.3.3 Related Analyses for the Current Disposal Facility Design

This performance assessment is one of three primary documents for the Hanford Grout Disposal
Program. This performance assessment provides an analysis of the potential long-term impacts resulting
from low-level waste disposal. The other two major program documents are the final safety analysis
report (FSAR) (in preparation) and the RCRA Part B permit application (U.S. DOE-RL 1992a). The
three documents differ in their scope and objectives, although they are interrelated because they describe
the same waste and disposal system.
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The scope of the FSAR includes evaluation of safety concerns for all the operating facilities at the
Grout Treatment Facility through the time of vault closure and required RCRA monitoring (approxi-
mately 30 years). The operating facilities include the Dry Materials Storage Facility, the Grout Process-
ing Facility, the feed transport system, and the Grout Disposal Facility. The FSAR is written to assure
compliance with DOE Order 5480.5, "Safety of Nuclear Facilities" (U.S. DOE 1986b). This Order
requires a safety analysis and review process that includes a formal, documented system for identifying,
evaluating, and controlling risks to workers, the public, and the environment. This is accomplished
through the preparation, independent review, and approval of a final safety analysis (the FSAR), which
must be completed before facility operations commence.

The RCRA Part B permit application is written to comply with Washington State Department of
Ecology regulations for the treatment, storage. and disposal of hazardous waste in compliance with
WAC-173-303 (WAC 1989) and the RCRA of 1976. The Panl B permit application documents compli-
ance with design, construction, and operation of the Grout Processing Facility, feed transport system, and
Grout Disposal Facility up to the time of closure of the Grout Disposal Facility (approximately 30 years).

The performance assessment provides an evaluation of long-term environmental impacts beyond
the operational and maintenance periods covered by the FSAR and the RCRA pennit. It evaluates those
features of the disposal system and its surroundings that control release of radionuclides and hazardous
chemicals from the Grout Disposal Facility to the environment over the long term.

1.4 Approach to Performance Assessment for the Hanford
Grout Disposal Facility

Performance of the disposal system for grouted liquid waste at the Hanford Site is assessed using a
multi-step approach. First, a conceptual model is developed to describe the engineered disposal system
and its environmental setting as completely as possible. Because performance of the system must be proj-
ected over time periods during which direct monitoring of the disposal site is not feasible, the conceptual
model is used to select the most applicable mathematical models and data that will be used to predict the
system's long-term performance and associated uncertainties,

Second, transport and exposure scenarios are defined to describe credible conditions that could
result in exposure of humans to hazardous components in the waste after disposal. The release and trans-
port of waste components from the disposal site to potential receptors is then predicted based on the con-
ceptual model defined for the disposal system and its environment.

Finally, the consequences associated with each scenario are estimated based on the conceptual
model for human exposure, and they are compared with performance objectives established for the dispo-
sal system. The results of the analysis are ultimately used to make decisions regarding the adequacy of
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the disposal system to protect public health and safety over the long term. The evaluation may also iden-

tify needs for additional information, a different modeling approach, or modifications to the disposal sys-
tem design. In such cases, the performance assessment becomes part of an iterative process by which the
disposal system design and the assessment itself are revised as needed to produce a technically consistent
and credible evaluation of the disposal system's long-term perfonance.

Performance assessments for radioactive waste disposal facilities must attempt to predict their
potential impacts over time periods for which there are no directly applicable experimental or operational
data. Because observations made over a relatively short period must be used to predict long-term per-
formance of a specific disposal system, such an analysis is subject to significant uncertainty. Major
potential sources of uncertainty include 1) incomplete initial characterization of the waste and radio-
nuclide inventory, 2) difficulty in predicting long-term material properties of the waste form and the engi-
neered containment barriers, 3) limitations in understanding transport of waste components over the long
term, 4) unpredictable environmental conditions, and 5) selection of appropriate parameters associated
with the exposure scenarios to be analyzed. Shese-uncertainties may be accounted for in -a number of
ways, depending on the purpose and level of sophistication in the analysis. Possible approaches include:

I. using conservative assumptions in all phases of the analysis to demonstrate that performance
objectives are met even under "credible worst case" conditions,

2. using statistical sampling methods to quantify the uncertainties and assign probabilities to a
particular set of outcomes,

3. defining a "best estimate" case that describes the expected behavior of the disposal system
and its environment in the future, and

4. defining a set of cases that represent a reasonable range of conditions expected over the
period of the analysis.

The first approach is not recommended by DOE because it results in an unrealistic estimate of the poten-
tial impacts from radioactive waste disposalhe second approach-is-a substantially more complex analy-
sis than is required for this performance assessment, and the information about uncertainties in many
parameters is not sufficient to perform such an analysis. The performance assessment was initiated with
the intent to use the third approach; however, significant uncertainty regarding the degradation mechan-
isms, rates of degradation, and material properties of the waste and engineered barriers over time made it
impossible to justify a single best estimate case at this time (see Appendix Q). The fourth approach was
adopted as the primary method for this performance assessment in order to account for uncertainties in
the properties of the waste and engineered barriers as these system components degrade over time.

The conceptual model developed for this assessment resulted in the use of separate computer simu-
lations for groundwater transport in the unsaturated and saturated zones and for human exposure path-
ways. The groundwater transport calculations were performed for unit concentrations of radionuclides

September 19941.9



WHC-SD-WM-EE-004, Rev. I

and chemical species in the waste to obtain estimates of fractional release over time. A second set of cal-
culations converted the fractional release estimates to concentrations in groundwater using the projected
waste inventories, radioactive decay rates, and groundwater dilution factors appropriate to each case. The
groundwater concentrations were converted to dose estimates by a third set of calculations using unit dose
factors specific to each exposure scenario evaluated in the performance assessment. Because of the
modular nature of the analysis, the uncertainties associated with each aspect of the analysis were evalu-
ated separately.

The uncertainties associated with the initial waste inventories are based on a range of estimates
obtained from several different sources, including direct analysis of the waste to be grouted, an onsite
inventory database, operational limits related to heat production, regulatory limits for waste disposal, or
site production records. As part of the evaluation, separate sensitivity analyses were also conducted to
identify the most significant parameters for unsaturated zone groundwater transport, and for human expo-
sure and dose estimates.

In the groundwater transport sensitivity analysis, a central sensitivity case and a set of related cases
were defined to investigate the influence of changes in characteristics for various components of the
waste and disposal system and for long-term climate change. These cases did not necessarily represent
realistic estimates for disposal system performance, but were simplified conceptual models designed to
evaluate the effect of various parameters on transport of radionuclides from the disposal system. The cen-
tral sensitivity case used a simplified model of the disposal system in an initially degraded state as the
reference point for other cases in the sensitivity analysis. The other sensitivity cases generally evaluated
the effect of changes in one or two parameters at a time, relative to the central case, assuming that they
remained constant over time.

Results from the transport sensitivity analysis were ultimately used to help define a range of
'compliance" cases that approximate the expected disposal system performance in this assessment.

The compliance cases represented the disposal system's expected behavior over time, using a some-
what more complex conceptual model than the sensitivity cases. In these cases, the critical properties of
multiple components were assumed to vary simultaneously over time as the engineered system degrades.
The predicted consequences from this set of compliance cases are compared to the performance objec-
tives established for the performance assessment, and which are described in the following section.

In contrast to the sensitivity analysis for groundwater transport, the sensitivity analysis for the dose
and exposure pathways employed a more classical approach involving definition of probability distribu-
tions for all parameters input to the model for each exposure scenario. A statistical sampling technique
was used to select a set of input parameters from these distributions for each of a predetermined number
of trial calculations. The results from all trials were then evaluated to determine which parameters
exerted a significant influence on the total uncertainty associated with the dose estimate.
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In the analysis of compliance cases for comparison to performance objectives, and for evaluation of
the groundwater transport sensitivity cases, a single deterministic dose estimate was developed based on
the best available estimate for each parameter in the pertinent exposure pathways. In order to interface
with the results of the groundwater transport analysis, a single estimate was defined for the dose contribu-
ted by each radionuclide in a given scenario. The outputs from the transport and exposure simulations
were then combined to obtain dose estimates reported in this document. The dose estimates presented in
this performance assessment represent only the predicted impacts of the Grout Disposal Facility, therefore
they are incremental doses in addition to those from background radionuclides or from other Hanford Site
facilities. Details of the transport and close calculation methods, including the sensitivity analyses, are
presented in Chapter 3 of this document. Results of the analyses and estimates of their associated uncer-
tainties are discussed in Chapter 4 and Appendix N.

1.5 Performance Objectives

Performance objectives have been established for this performance assessment to provide reason-
able assurance that the proposed disposal of grouted waste will not constitute an unacceptable risk to
members of the public in the future. Performance objectives are quantitative criteria that can be com-
pared with the estimated consequences of a particular waste management alternative. They may be
derived from regulatory requirements established by DOE or other government agencies, or they may be
engineering design criteria adopted during the planning phase for a particular facility. The following sec-
tion outlines the basic requirements and applicable regulations for setting performance objectives in a
site-specific performance assessment. Section 1.5.2 then defines the applicable performance objectives
for this performance assessment and describes how the predicted performance of the Grout Disposal
Facility will be evaluated relative to the performance objectives.

DOE Order 5820.2A, Chapter III, provides the basic framework for criteria that must be met as part
of a performance assessment in order to provide a basis for evaluating the risks associated with manage-
ment of low-level radioactive waste at a particular facility. At minimum, DOE Order 5820.2A provides
that performance objectives must accomplish the following:

I. Protect public health and safety in accordance with standards specified in
applicable . . . DOE Orders.
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2. Assure that external exposure to the waste and concentrations of radioactive
material which may be released into surface water, groundwater, soil, plants and
animals results in an effective dose equivalentta that does not exceed
25 mrem/yr to any member of the public. Releases to the atmosphere shall meet
the requirements of 40 CFR 61. Reasonable effort should be made to maintain
releases of radioactivity in effluents to the general environment as low as is rea-

sonably achievable.

3. Assure that the committed effective dose equivalents received by individuals
who inadvertently may intrude into the facility after the loss of active institu-
tional control (100 years) will not exceed 100 mrem/yr for continuous exposure
or 500 mrem for a single acute exposure.

4. Protect ground water resources, consistent with Federal, State and local
requirements.

In addition, the Order provides that "DOE-low-level waste that contains non-radioactive hazardous waste
components (mixed waste) shall . .. be regulated by the appropriate regional authorities under the
Resource Conservation and Recovery Act." The application of each of these requirements to the Grout
Disposal Facility at Hanford is discussed in the following section.

1.5.1 Applicable Standards

In addition to the quantitative standards provided directly by DOE Order 5820.2A, the Order refers
to other regulations that must be considered in establishing performance objectives for low-level radio-
active waste disposal. Among these are other DOE orders, including DOE's policy to keep releases of
radioactive materials to the environment "as low as reasonably achievable" (ALARA); the Clean Air Act
National Emission Standards for Hazardous Air Pollutants (NESHAP; 40 CFR 61); and groundwater pro-
tection standards established by other federal, state, or local authorities. The requirements of RCRA as

(a) In ICRP Publication 26 (ICRP 1977a), the International Commission on Radiological Protection
introduced the effective dose equivalent as the sum of the dose equivalents in individual organs
HT, each weighted by an organ-weighting factor wT:

HE= EwT HT TT

The organ-weighting factors were chosen by the Commission to reflect the relative risk of death
from cancer or occurrence of severe hereditary effects in the first two generations after uniform
whole body exposure (ICRP 1979).
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implemented by individual states also apply to facilities that manage mixed waste containing nonradio-
active hazardous materials. The following sections summarize provisions of each of these additional
regulations.

DOE Orders. DOE Order 5820.2A outlines the basic framework of requirements for radioactive
waste management; however, it draws upon concepts developed in other DOE Orders in implementing
those standards. DOE Order 5400.5 (U.S. DOE 1990a) provides the basic regulations for radiation pro-
tection of the public and the environment at operating DOE facilities, and it is in this Order that the
ALARA process is described. From the definition in DOE Order 5400.5, "As Low As Reasonably
Achievable (ALARA) is a term used to describe an approach to radiation protection to control or manage
exposures (both individual and collective to the work force andhe general public) and releases of radio-
active material to the environment as low as social, technical, economic, practical, and public policy con-
siderations permit."

The DOE Richland Operations Office (RL) has also issued an Order designated DOE-RL 5820.2A
(U.S. DOE-RL 1990) to establish "Hanford-specific policies, guidelines, and requirements by which the
U.S. Department of Energy, Richland Operations . .. manages its radioactive waste, mixed waste and
contaminated facilities." This Order supplements the basic requirements of DOE 5820.2A and provides
additional information on how those standards should be applied. Regarding the establishment of per-
formance objectives for low-level radioactive and mixed waste disposal at the Hanford Site,
DOE-RL 5820.2A, Chapter III. Section 3a supplies the following guidance:

Performance Objectives. Disposal systems for LLW (low-level waste) disposed of on or
after 09-26-88 shall be designed to meet the following objectives in accordance with sche-
dule guidance in DOE-RL 5820.2A, Chapter III, Paragraph 3a.

1. General Public Protection. Disposal systems shall be designed to ensure that
exposure to any member of the public that results from disposal of solid LLW
shall not exceed 25 mrem/yr effective dose equivalent (EDE) through all expo-
sure pathways for at least 1,000 years after disposal. The point of compliance
shall be no further from the edge of the waste than the Hanford Site boundary
during the period of active institutional control. After the active institutional
control period (assumed to be not more than 100 years) the point of compliance
shall be not more than 100 meters from the edge of the disposal site.

2. Groundwater Protection. Disposal systems shall be designed to ensure that dis-
posal of LLW after 9-26-88 does not result in concentrations of radionuclides
(above existing levels) in groundwater exceeding those corresponding to an EDE
of 4 mrem/yr to any person who might drink 2 liters per day of water from a well
drilled into the aquifer, for at least 1,000 years after disposal. The point of com-
pliance shall be no further than 100 meters from the edge of the waste.
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3. ALARA (Long-Term Protection). Reasonable effort shall be made to design
disposal systems in such a way that potential exposures are ALARA for all times
up to the year of maximum exposure. If the predicted population exposure is
less than 500 person-rem/yr in the year of maximum exposure, the ALARA
requirement is defined to have been complied with.

4. Intruder Protection. Disposal closure systems shall be designed to ensure that

exposure to individuals who inadvertently intrude the closed facility after the
active institutional control period shall not exceed 100 mrem/yr for continuous
exposure, or 500 mrem for a single acute exposure. For wastes that may remain
hazardous to inadvertent intruders beyond 100 years, passive controls (e.g., long-
term Government ownership and control, appropriate markers and barrier
systems) shall be incorporated to provide reasonable assurance that inadvertent
intruders will be warned and deterred from disturbing the site for up to
500 years.

5. Mixed-Waste Regulations. Disposal systems shall be designed to meet the
applicable requirements of 40 CFR 264 and 265, and WAC 173-303 [WAC
1989] for the disposal of LLW-MW [low-level waste-mixed waste]. [These
regulations represent the federal RCRA requirements, and Washington State's
implementation of RCRA, respectively.]

Clean Air Act (40 CFR 61). The 1989 amendments to the Clean Air Act establish National Emis-
sion Standards for Hazardous Air Pollutants (NESHAP), including radionuclides released to the atmos-
phere from DOE facilities. Subpart H of 40 CFR 61 regulates airborne emissions of all radionuclides
except radon from operating DOE facilities, and specifies a 10-mrem/yr dose standard for the maximally
exposed offsite individual via the air pathways only. Subpart Q addresses radon emissions from DOE
storage and disposal facilities that contain radium (except for uranium mill tailings, which are covered
under a separate regulation). This regulation specifies a flux standard for radon-222 of 20 pCi/m2-s aver-
aged over the area of the facility.

The 10-mrem/yr standard for air pathways under Subpart H of 40 CFR 61 applies to airborne emis-
sions of radionuclides other than radon from operating facilities under DOE control. Because the Grout
Disposal Facility will not generate significant quantities of airborne effluents other than radon after the
institutional control period, this subpart of the standard does not apply. Any airborne radionuclide emis-
sions during the operational and institutional control phases of the Grout Disposal Facility will be
assessed in conjunction with the applicable Clean Air Act permitting and reporting requirements, and they
will not be considered as part of this performance assessment. Resuspension of soil contaminated as a
result of secondary processes is considered in conjunction with the intruder and general public protection
objectives.
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Federal, State, and Local Groundwater Protection Standards. The general philosophy underly-
ing groundwater protection standards assumes that protecting groundwater quality to drinking-water stan-

dards will preserve the groundwater for existing and future beneficial uses. The DOE-RL 5820.2A
objective of 4 mrem/yr for all radionuclides via the drinking-water pathway is generally consistent with,
or more protective than, the federal standards for radionuclides in public drinking-water systems (40 CFR
parts 141 and 143). Existing and proposed drinking-water standards apply the 4-mrem/yr dose limit to
beta- and photon-emitting radionuclides, and they include separate concentration limits for alpha emitters.
Inclusion of all radionuclides in the 4-mrem/yr performance objective should therefore provide a more
conservative approach It is also-consistenrwith grnundwaierprotection-requirements in regulations
being developed by the U.S. Environmental Protection Agency (EPA) for disposal of radioactive waste
(proposed amendment to 40 CFR 191; see 58 FR 7924) and EPA's proposed draft of 40 CFR 193 (as dis-
cussed in Gruhlke, Galpin and Holcomb 1989).

RCRA (40 CFR 264 and 40 CFR 265) and State of Washington Dangerous Waste Regulations
(WAC 173-303). These regulations apply to management of nonradiological hazardous waste, including
standards for final disposal of solid waste. They include requirements for construction, operation, and
closure of land disposal facilities and provide for monitoring of leachate and groundwater over a limited
period of time (typically 30 years after closure). The groundwater protection requirements for inorganic
hazardous constituents specified in these standards are generally consistent with, but less comprehensive
than, the corresponding drinking-water standards. DOE has applied for a Part B Dangerous Waste Permit
under WAC 173-303, approval of which will demonstrate that the Grout Disposal Facility meets the
requirements of that regulation. They will not be addressed further in this performance assessment.

Time of Compliance. Except for DOE-RL Order 5820.2A, the applicable DOE Orders and other
standards do not specify the time period over which the various performance objectives apply to radio-
active waste disposal. In general, the guidance in DOE-RL Order 5820.2A, along with design goals for
the Grout Disposal Facility, will be used to evaluate the results of this analysis. Consistent with
DOE-RL Order 5820.2A, the ALARA requirement for collective dose estimates is evaluated at the time
of peak dose, whenever the peak occurs.

The general public protection and groundwater protection requirements are evaluated for regulatory
compliance at 1,000 years, and they are also compared to the programmatic design goal for the Grout Dis-
posal Facility at 10,000 years. The 10,000-year evaluation period for waste disposal activities is based on
historical precedent in the HDWEIS (U.S. DOE 1987) and the performance assessment completed prior
to disposal of grouted PSW (Sewart et al. 1987). It is also consistent with the compliance time specified
tn proposed EPA regulations for high-level-radioactive waste disposal (58 FR 7924).

The requirements for intruder doses following either a single or continuous exposure arenvaluated
at 500 years after disposal because passive controls in the form of an intrusion barrier and markers are
included in the disposal system design. The incorporation of passive controls to deter intruders for up to
500 years is required by DOE-RL Order 5820.2A where the waste may remain hazardous beyond the
assumed institutional control period (otherwise defined as 100 years). Evaluation of intruder doses at
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500 years is also consistent with practices established by the U.S. Nuclear Regulatory Commission for
commercial radioactive waste disposal facilities that incorporate passive controls (10 CFR 61).

1.5.2 Performance Objectives and Scenarios for the Grout Disposal Facility

Specific performance objectives have been established for this performance assessment based on
the regulatory requirements discussed in the previous section. The performance objectives address the
required elements listed in DOE Order 5820.2A and DOE-RL 5820.2A, including public protection, com-
pliance with the Clean Air Act, ALARA, intruder protection, and groundwater protection. The ability to
meet these requirements is evaluated by means of several different transport and exposure scenarios that
are described briefly in this section (see Section 3.2 and Appendix M for a complete description). In con-
ducting the analysis, the potential impacts of effluents from the Grout Disposal Facility are evaluated and
reported for a period of time sufficient to determine the maximum dose associated with each scenario.
However, for purposes of determining whether the performance objectives are met, the time of compli-
ance is as stated for each objective. Each scenario is evaluated independently of the others, although
there may be a small probability that two or more scenarios could interact (for example, intrusion and use
of groundwater).

Performance Objective for General Public Protection. The public protection requirement in
DOE-RL Order 5820.2A that specifies a maximum dose of 25 mrem/yr to an individual member of the
public via all pathways is adopted as the primary performance objective for this assessment. The disposal
system's performance is evaluated at 1,000 and 10,000 years using three separate scenarios that represent
different transport and exposure conditions. A fourth scenario assesses the potential impact of natural
events on the Grout Disposal Facility. The general public protection scenarios include all credible expo-
sure pathways, including ingestion of locally produced food, ingestion of drinking water (well scenarios
only), inadvertent ingestion of contaminated soil, inhalation of resuspended soil, and external exposure to
the contaminated ground surface.

Two scenarios involve use of groundwater downgradient from the disposal facility for domestic
purposes and for irrigation of either a home garden or a 2-hectare (5-acre) family farm. The garden scen-
ario assumes a relatively low food production rate and a higher groundwater concentration because of the
smaller quantity of water required to maintain the garden as compared to a farm. In the garden scenario,
the leachate plume from the Grout Disposal Facility is mixed in the aquifer at a depth corresponding to
the screened interval of a monitoring well, and no other dilution by pumping of clean water is assumed.
The farm scenario results in a higher onsite food production; however, the quantity of water needed to
maintain the farm requires a higher pumping rate, which results in dilution of the contaminated ground-
water plume with clean water from the aquifer. The well for both scenarios is assumed to be no farther
than 100 m from the boundary of the disposal site.

Two additional scenarios assess the impact of soil contamination from the direct upward diffusion
of waste components from the Grout Disposal Facility, or from disruption of the disposal facility by natu-
ral forces in the form of a catastrophic flood. Unlike the groundwater and upward diffusion scenarios, the
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flood scenario isevaluated at 50,000 years after disposal because that is the eartiest predicted time frame
for recurrence of severe flooding that could potentially disturb the disposal site.

Performance Objective for Groundwater Protection. The performance objective for ground-
water protection in this performance assessment consists of the 4-mrem/yr maximum dose to an individ-
ual exposed via the drinking-water pathway only from DOE-RL Order 5820.2A. In this case, the dose is
estimated for an individual consuming 2 L/d of water from a downgradient well located 100 m from the
disposal site boundary. The groundwater concentrations were assumed to be the same as those in the
garden scenario, based on minimum pumping rate at a downgradient well. This objective is also evalu-
ated at 1,000 years and 10,000 years after disposal.

For nonradioactive waste components, the gmundwater concentrations are compared at 1,000 and
10,000 years with the most restrictive concentration limits listed in the state and federal drinking-water
standard. The standards for individual chemical species are listed with the results of the groundwater
transport analyses in Chapter 4. This evaluation is provided for information to complete the groundwater
analysis, although the performance assessment is concemed primarily with radionuclides in the waste.

Performance Objectives for Intruder Protection. The performance objectives for intruder pro-
tection in this performance assessment are a maximum single acute dose of 500 mrem, or a continuous
dose of 100 mrem/yr, to a person who inadvertently intrudes into the disposal site, consistent with
DOE Order 5820.2A and DOE-RL 5820.2A, Both objectives are evaluated at 500 years or more after
disposal. The scenario associated with the acute exposure objective involves drilling a well directly
through a disposal vault, and estimates the dose to a worker who operates the drilling apparatus. Extemal
exposure is the major pathway considered in this scenario, although inadvertent ingestion and inhalation
of contaminated soil that is brought to the surface are included as well. The 100-mrem/yr objective for
continuous exposure is applied to an individual who resides at the drilling site following completion of
the well. The pathways evaluated in this scenario are similar to those for the general public protection
scenarios, except that ingestion of contaminated groundwater is not considered.

Performance Objectives for Compliance With Clean Air Act. The 40 CFR 61, Subpart Q stan-
dard of 20 pCi/m -s for radon emissions from DOE storage and disposal facilities is adopted as the per-
formance objective for Clean Air Act compliance in this performance assessment. This objective is
assessed at a time corresponding to the maximum emission rate.

Performance Objectives for ALARA. As defined in DOE Order 5400.5, ALARA is not a quanti-
tative standard but a process by which facilities demonstrate that they are restricting their radioactive efflu-
ents to a level that is as low as practical. DOE-RL Order 5820.2A defines ALARA in terms of collective
dose (and therefore overall risk), and the 500 person-rem/yr performance objective is applied to the esti-
mated dose for two scenarios in this performance assessment. Both scenarios are evaluated at the time of
maximum collective dose.
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The dose to a population of 5.000,000 people living along the Columbia River downstream from
Hanford is estimated based on an all-pathways scenario similar to that used for the individual public pro-
tection objective. The major difference is that domestic and irrigation water is obtained from the river,
and pathways related to recreational use of the river and consumption of fish are also included.

The collective dose resulting from use of groundwater via a community well is also estimated for
comparison with the ALARA objective. This dose is expected to be somewhat higher than the collective
dose for the river scenario because of the degree to which effluents from the Grout Disposal Facility are
diluted in the river. The collective dose is estimated based on the irrigated garden dose to an individual as
described for the general public protection objective. The peak dose in that scenario is multiplied by a
population of 80 people to obtain an estimate of the potential collective dose resulting from the use of
groundwater. A population of 80 represents the maximum number of people that could be supported by
the contaminated groundwater plume at the lower pumping rate applied to the garden scenario. The water
usage rates in this scenario are based on domestic requirements plus irrigation of a 10-m x 10-m garden
for every four people. Use of groundwater to supply the domestic needs of a larger population would
result in substantial dilution of contaminated groundwater by clean water from the aquifer; therefore, use
of the 80-person population maximizes collective dose in this scenano.

1.6 Structure of This Performance Assessment

This performance assessment is organized according to the format recommended by the Oversight
and Peer Review Panel for performance assessments (Case et al. 1989). Chapter I discussed the general
scope and methods used in the performance assessment, along with applicable regulatory guidance used
to develop performance objectives for the disposal system. Chapter 2 describes the Grout Disposal Facil-
ity and its environment, characteristics of the waste, and the grout disposal system. Chapter 3 discusses
the methods used to assess performance of the system, including the radionuclide transport pathways and
exposure scenarios, assumptions used in modeling system performance, and quality assurance procedures.
Chapter 4 presents and integrates results from the transport and exposure models used to estimate the
potential consequences of effluents from the grout disposal vaults. Chapter 5 interprets disposal facility
performance with respect to the performance objectives defined in Chapter 1. Chapter 6 contains brief
resumes of contributors to the document. and Chapter 7 lists the cited references. The appendices provide
additional detailed information about topics presented in the main text. The last appendix, Appendix R,
provides responses to questions raised by a formal DOE/Headquarters Peer Review Panel from Febniary
through September 1994, plus the Panel's final recommendations regarding their review of the
performance assessment process.
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2.0 Disposal Facility Description

Grout is a waste form prepared by combining low-level liquid waste with a mixture of dry, cemen-
titious materials to form a slurry that solidifies by hydration reactions, producing a solid monolith that
contains the hazardous constituents. The Grout Treatment Facility. located in the 200 East Area of the
Hanford Site, consists of four components to receive liquid waste, prepare the grout slurry, and pump the
slurry into reinforced-concrete vaults where it solidifies. The four facility components are 1) the Dry
Materials Facility, which stores and distributes the dry cementitious materials; 2) the Feed Transfer
System, which delivers the waste liquids to 3) the Grout Processing Facility, where the slurry is prepared
from the liquid and solid materials; and 4) the Grout Disposal Facility, which consists of a group of
underground concrete vaults that receive the slurry. In the Grout Disposal Facility the slurry solidifies to
form a large monolithic solid. Each of the concrete vaults in the facility will be surrounded by a 1-m-
(40-in.-) thick asphalt barrier. About 122 million liters (32 million gallons) of waste will be grouted for
disposal in about 33 vaults. The disposal area for all the vaults in the facility is about 430 m (1,408 ft) by
208 m (682 ft). The vaults will be covered by additional barriers to reduce and redirect infiltrating water
away from the vaults.

This chapter includes a description of the Hanford Site and its relationship to the Grout Disposal
Facility site to identify the geohydrologic characteristics needed to model contaminant flow and transport
at the facility, and to identify possible transport and exposure pathways. Also included is a detailed
description of the inventory of waste to be disposed, along with details of the Grout Disposal Facility and
vaults that are used to develop a conceptual model of the engineered disposal-system.

To develop a reasonable, site-specifIcontaminant floW and transport model to evaluate the long-
term mobility of radioactive and hazardous material releases from the Grout Disposal Facility, knowledge
of hydraulic and contaminant mobility properties of the engineered system and disposal site is required.
Furthermore, properties used in modeling must be selected on the basis of actual material properties, or
justified by comparing with similar materials. Guidelines for considering these properties are established
in Performance Assessment Review Guide for DOE Low-Level Waste Disposal Facilities, DOE/LLW-93
(Dodge et a]. 1991). These guidelines recommend a description of site characteristics, an inventory
estimate, andawaste. fonn processing and disposal description. These-descriptions provide needed back-
ground information and the hydraulic and material properties required for model calculations. The site
characteristics section emphasizes factors that may influence contaminant mobility and discusses their use
in modeling. Inventory estimates and uncertainty are considered for subsequent application to dose calcu-
lations, and the engineered system is described to develop model constraints and boundaries.

This chapter provides general descriptions of the Hanford region and grout disposal site, the wastes
to be grouted and the grout waste form itself, and the grout processing and disposal facilities. Chapter 3
then develops the conceptual descriptions of the release of radionuclides from the grout and the
subsequent pathways leading to exposures to the public.
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2.1 Site Characteristics: Hanford Site and Grout Disposal Site

This section describes the Hanford Site and Grout Disposal Facility, including both local and
regional features that may influence the facility environment or be impacted by the facility operations.
The Grout Disposal Facility is located within the Hanford Site area, so many regional characteristics are
common to both the facility and much of the Hanford Site area. These include climate, some aspects of
vadose zone lithology and hydrologic properties, and ecology. Accordingly, Hanford Site characteristics
that are required to understand the more local Grout Disposal Facility characteristics are discussed along
with the facility features. This information is then used in later chapters to support development of con-
ceptual models for flow and transport calculations, to define certain parameters and boundary conditions,
to determine exposure scenarios, and to help provide a basis for interpreting results. Cultural geography
and demography are discussed first, followed by the physical geography, including topography/physi-
ography, natural resources, and land/water uses. Ecology, climate, and meteorology as they relate to pos-
sible contaminant pathways caused by plants and animals, and changes in Site hydrology caused by cli-
mate, are discussed. The section concludes with descriptions of the geologic and hydrologic setting,
current monitoring of groundwater contamination and estimates of background radiation, and Hanford
Site seismic activity.

2.1.1 Site Location and Cultural Geography

The Hanford Site is a 1,450-km2 (560-mi2) area of semiarid land located in the southeastern part of
Washington State. It is owned by the U.S. Government and restricted to U.S. Department of Energy
(DOE) operations or activities approved by DOE. Figure 2.1 shows the Hanford Site with respect to
Washington State while Figure 2.2 depicts the Site in more detail in relation to southeastern Washington
roads, river systems, and counties. Figure 2.3 shows the road systems and operational areas of the Site
itself As shown in Figure 2.3, the Grout Disposal Facility is located near the central portion of the
Hanford Site adjacent to an operational area designated the 200 East Area.

Figure 2. I shows the principal cities and towns in the extended regional area of the Hanford Site
and indicates that the major metropolitan areas such as Spokane and Seattle, Washington, and Portland,
Oregon are all located more than 160 kin (100 mi) from the Site- Note in Figure 2.2 that the Hanford Site
is located within three counties--Benton, Franklin, and Grant-with the largest area in Benton County.
The major river systems (see Figures 2.1 and 2.2) are dominated by the Columbia River, which flows
through the Hanford Site from the northwest comer flowing eastward then turns and flows south, forming
part of the eastern border of the Site just north of Richland, Washington. The Yakima River is south of
the Site and flows from west to east, entering the Columbia River near the towns of Richland,
Kennewick, and Pasco (the Tri-Cities). The Snake River, with a discharge second only to the Columbia
River in this area, enters the Columbia River just south of the Tri-Cities. The Columbia River, as well as
the Snake and Yakima rivers, are used for many purposes including irrigation and drinking-water con-
sumption. The Columbia River is navigable to barge traffic up to the southeastern part of the Hanford
Site. All major rivers in the vicinity of the Hanford Site flow into the Columbia which, while having a
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S9211085.21

Figure 2.1. Hanford Site in Washington State

considerably high discharge volume, also supports a large industrial, agricultural, and population base and
is considered a major pathway for contaminant impacts. The Columbia River, at its nearest point, is
about 9.7 km (6 mi) from the Grout Treatment Facility.

Public highway access to the Hanford Site is shown in Figure 2.3 with highway access controlled at
two locations. These are the Yakima Barricade in the northwest part of the Site and the Wye Barricade in
the southeastern part of the site north of Richland (see Figure 2.3). State Highway 240 with unrestricted
public access passes through the Hanford Site via a right-of-way separated from the Site by a fence. This
highway passes within 8 km (5 mi) of the Grout Treatment Facility. To the west of Highway 240, but
still on the Hanford Site, is the Arid Lands Ecology Reserve. North of the Columbia River, also on the
Site, is a wildlife reservation. Both are unpopulated. The nearest population center to the Grout Treat-
ment Facility is about 48 km (30 mi) away at Richland, Washington.
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Figure 2.2. Hanford Site, Counties, and the Regional Highway Network

The major activities at the Hanford Site that generated radioactive and hazardous waste products
were the plutonium-production reactors located along the Columbia River in areas designated the
100 Areas and the chemical processing areas near the central part of the Hanford Site designated the
200 Areas (see Figures 2.3 and 2.4). The 200 Areas contain the large underground tanks that axe the
source of feed stock for the Grout Treatment Facility. Some sites near the 200 Areas have been leased for
disposal of commercial low-level waste. A summary of some of these activities dating back to the 1940s
is described below because they are considered a major source of background radiation levels and
groundwater baseline concentrations.

In 1943, the U.S. Army Corps of Engineers selected the Hanford Site for the construction of facili-
ties to produce nuclear weapon materials for the war effort. Major programs at the Hanford Site, pres-
ently managed by the DOE, are dedicated to waste management, environmental restoration, research and
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development, and technology development. The DOE nuclear facilities occupy about 6% of the total
available area. Hanford Site operating areas, as shown in Figure 2.3, are identified by numbers. The six
100 Areas bordering directly on the Columbia River in the northern portion of the Hanford Site contain
nine graphite-moderated plutonium production reactors. Eight of these reactors were shut down by the
early 1970s. The ninth is the N Reactor, which became operational in 1963 and was the first dual-pur-
pose reactor built in the United States. The N Reactor was operational until 1986 and is currently in cold
standby status.

The Fast Flux Test Facility (ElT), a liquid-metal cooled fast reactor previously used for testing
breeder reactor fuels, materials, and components, is located in the 400 Area. The FFTF was operational
until 1992 and is currently in standby status. In previous years, the 300 Area was dedicated to the fabrica-
tion fuel for the N Reactor and other reactors on the Hanford Site. Now, the 300 Area is used for research
programs performed in laboratories constructed over the last 30 years.

A 3.9-km 2 (1.5-mi 2) parcel of land located between the 200 West and 200 East Areas is leased to
the State of Washington. A portion of this land is subleased to U.S. Ecology, Inc., a private company, for
the disposal of commercially generated low-level radioactive waste. An additional 2.6-km2 (1.0-mi 2) par-
cel has been transferred to the State of Washington as a potential site for a nonradioactive hazardous
waste disposal site. A 4.4-km2 (1.7-mi 2) parcel of land is leased to the Washington Public Power Supply
System for commercial nuclear power reactors. The Washington Nuclear Plant (WNP-2), a boiling-water
reactor, is currently the only nuclear reactor in operation on the Hanford Site. Completion of construction
has been deferred on WNP-I and terminated on WNP-4; both reactors are pressurized-water reactors.
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Activities associated with fuel reprocessing; plutonium and uranium separation; plutonium finish-
ing; and waste management, storage, and disposal were conducted in the 200 Areas. Wastes from
research and development activities in the 300 Area and other programs in the 100 Area also are sent to
the 200 Areas for storage and/or disposal. Also, the FFTF (400 Area) ships radioactive waste to the
200 Area. The facilities dealing with these activities are located near the center of the Hanford Site as
shown in Figure 2.4. The 200 Areas are currently bounded by security fences.

The location of chemical processing facilities, waste disposal trenches, waste burial grounds, and

tank farms in the 200 East Area is shown in detail in Figure 2.5. The Grout Treatment Facility is located
on the eastern border of the 200 East Area, with the Grout Processing Facility in proximity to the feed
tank transfer system and the Grout Disposal Facility containing the individual grout vaults just outside of
the 200 East Area. The Grout Processing Facility is about 607 m (2,000 ft) east of the Plutonium-
Uranium Extraction (PUREX) Plant, which formerly processed spent reactor fuel and is now being shut
down, and about 429 m (1,407 ft) south of the 242-A Evaporator, which will generate part of the waste to
be grouted. The 242-A Evaporator is the closest facility to the Grout Processing Facility. The closest tank
fann is the 241-AP farm to the west of the facility. The Grout Disposal Facility, the focus of this per-
formance assessment, shows the approximate location of the grout vaults. The Grout Treatment Facility
encompasses about 100 hectares (0.4 mi 2) and is shown in an aerial view in Figures 2.6 and 2.27, along
with the initial construction stages of the first four vaults for disposal of double-shell tank wastes. Fig-
ure 2.5 also shows the 216-B evaporation ponds to the northeast of the Grout Disposal Facility. These
ponds are currently in operation and contribute to the net recharge in the vicinity of the facility, resulting
in a slight elevation of the water table. All chemical processing activities and use of the 216-B ponds are
to be stopped and the area cleaned up in approximately 30 years. Consequently, the conceptual model
evaluated in this performance assessment includes a lower water table consistent with no recharge con-
tribution from the ponds.

2.1.2 Demography

The population distribution surrounding the Hanford Site provides a basis for evaluating potential
contaminant release impacts and effects of various exposure pathways, and forms the basis for projecting
future population changes.

The major population centers within an 80-km (50-mi) radius of the Hanford Site are illustrated in
Figure 2.7 along with populations based on the 1990 U.S. Bureau of Census estimates (U.S. Department
of Commerce 1991). The Tri-Cities area of Richland, Kennewick, Pasco, and West Richland lies south-
east of the Hanford Site and is both the largest population center and the center closest to the Site.
Other major population centers include Yakima and the Yakima Valley towns to the west, Umatilla to the
south, and Moses Lake to the north. The cities of Ellensburg and Walla Walla lie just beyond the 80-km
(50-mi) radius; Portions of -Benton, Franklin; Adams,-Grant, Kittitas, Yakjma, Kickitat, Walla Walla,
Morrow, and Umatilla counties are included in the 80-km (50-mi) radius centered on the Hanford Meteor-
ology Station (HMS), located between the 200 East and 200 West Areas.
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Figure 2.6. Aerial View of the Grout Treatment Facility Looking West (Construction is now complete
on the next four vaults to be filled, Vaults 102, 103, 104, and 105.)
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Figure 2.7. Population Centers Within 80-kin Radius of the Hanford Site

Based on the 1990 census (U.S. Department of Commerce 1991) as summarized in Cushing (1991),
the population in Benton County was approximately 112,000, with an approximate population in unincor-
porated portions of the county of 28,000. Of the remaining population, approximately 32,000 people
reside in Richland; 42,000 people reside in Kennewick; and 10,000 people reside in West Richland,
Benton City, and Prosser. In 1990, the population of Franklin County was approximately 37,000, with
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20,000 people living in Pasco, 2,400 people living in other incorporated areas, and 15,000 people living
in unincorporated areas. During 1990, Benton and Franklin Counties accounted for approximately 3% of
the population in Washington State.

Based on estimates made during the 1970 and 1980 census years, the population in the area grew
approximately 55% (Watson et al. 1984). This population growth and subsequent decline in 1982 were
attributed to the creation and loss of several thousand construction jobs at the Washington Public Power
Supply System power reactors Watson et al. (1984) projected that the populations within a 16-km
(10-mi) radius, primarily reflecting the Tri-Cities, would increase by 94% between 1980 and 2030 and
that the population between 16 and 80 km (10 and 50 mi) would increase by 55%.

The socioeconomics of the area surrounding the Hanford Site are described in Appendix A. The
major employment sectors in the Tri-Cities area since 1970 have been the DOE and its Hanford contrac-
tors; the Washington Public Power Supply System, which operates a nuclear power plant; agriculture and
a large food-processing industry; plus several smaller industrial operations. Exclusive of the DOE, agri-
culture and food processing are the dominant industries. Accordingly, this performance assessment con-
siders a scenario in which the 200 Areas will be used for a small farm and garden after decommissioning
and cleanup. Although large irrigated agricultural operations currently exist east of the Hanford Site,
water rights restrictions may limit future expansion. Recently an evaluation was completed to consider
additional possible future uses of the Hanford Site (Hanford Site Working Group 1992).

No major mining operations exist in the Hanford Site area other than some local gravel processing,
but oil and gas exploration has occurred. These activities have been primarily exploratory in nature and
no production has resulted.

2.1.3 Topography and Physiography

The topographic and physiographic conditions can influence local climate at the Hanford Site, in
turn affecting features such as vegetation, sand dune formation and mobility, and local wind directions.
These features are major contributors in controlling the net groundwater recharge rates that are significant
parameters in evaluating contaminant flow and transport processes. In addition, surface drainage path-
ways are largely determined by topographic features. Some features significant to the Hanford Site and
the Grout Disposal Facility are discussed below.

The physical setting of the Hanford Site has been characterized extensively during past activities at
the Site. These activities include the siting of nuclear reactors, characterization activities for the Basalt
Waste Isolation Project (BWIP), and waste management activities. A summary of the Site topography
and physiography is given below; more detailed discussions of the regional setting and the Site are given
in U.S. DOE (1987, 1988c), Myers et al. (1979), Meyers and Price (1981), and Reidel and Hooper (1989).
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The Hanford Site is situated within the Pasco Basin of south-central Washington (Figure 2.8). The
Pasco Basin is one of many topographic depressions located within the Columbia Plateau Physiographic
Province (Figure 2.9), a broad basin located between the Cascade Range and the Rocky Mountains. The
Columbia Intermontane Province is the product of Miocene continental flood basalt volcanism and
regional deformation that occurred 13 to 25 million years ago. The Pasco Basin is bounded on the north
by the Saddle Mountains; on the west by Umtanum Ridge, Yakima Ridge, and the Rattlesnake Hills; on
the south by Rattlesnake Mountain and the Rattlesnake Hills; and on the east by the Palouse Slope (see
Figure 2.8).

The physiography of the Hanford Site is dominated by the low-relief plains of the Central Plains
physiographic region and anticlinal ridges of the Yakima Folds physiographic region (Figure 2.10). Sur-
face topography at the Site is the result of 1) uplift of anticlinal ridges, 2) Pleistocene cataclysmic flood-
ing, 3) Holocene eolian activity, and 4) landslides. Uplift of the ridges began in the Miocene epoch and
continues to the present. This uplift is occurring on geologic time scales (i.e., over tens of millions of
years) and is not incorporated into our conceptual model of the Grout Disposal Facility, which addresses a
time scale of tens of thousands of years. Cataclysmic flooding occurred when ice dams in western
Montana and northern Idaho were breached, allowing large volumes of water to spill across eastern and
central Washington. The last major flood occurred about 13,000 years ago, during the late Pleistocene
Epoch. Anastomosing flood channels, giant current ripples, bergmounds, and giant flood bars are among
the landforms created by the floods. These formations resulted in heterogeneous and discontinuous char-
acteristics for sediments ranging in size from silts to coarse gravels that yield a wide range of vadose zone
hydraulic properties. Since the end of the Pleistocene, winds have locally reworked the flood sediments,
depositing dune sands in the lower elevation and loess (very fine wind-blown silts) around the margins of
the Pasco Basin. Generally, sand dunes have been stabilized by anchoring vegetation except where they
have been reactivated where vegetation has been disturbed. Most sand dunes are located southeast of the
grout site and are stabilized by vegetation (see Figure 2.10).

The 200 Areas that include the Grout Treatment Facility are situated on a broad flat area called the
200 Areas plateau. The 200 Areas plateau is near the center of the Hanford Site at an elevation of approxi-
mately 198 in (650 ft) to 229 m (750 ft) above mean sea level. The plateau decreases in elevation to the
north, northwest, and east toward the Columbia River, and plateau escarpments have elevation changes of
between-15 m-(50 ft) to 30 m IM0O-ft)v--Previous landslide activity in the ara is generally limited to the
White Bluffs area east of the Site and the Rattlesnake Hills south of the Site. No landslide activity is
observed in the vicinity of the 200 Area plateau.

The location of the Hanford Site and Grout Disposal Facility in an intermontane basin helps main-
tain a semiarid climate with low recharge. Most topographical surface features such as sand dunes and
landslides that could disturb the near-surface hydraulic characteristics impacting recharge are not located
at the Grout Disposal Facility. Moreover, sand dunes are indicators of past, cumulative wind directions,
so their location approximately downwind of die Grout Disposal Facility suggests that future dune forma-
tion over the facility is not likely.
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Figure 2.8. Geologic Structures of the Pasco Basin and the Hanford Site
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2.1.4 Ecology

This section summarizes the ecology of the Hanford Site, with emphasis on plant and animal activi-
ties that may impact exposure pathways through root penetration and burrowing through barriers into
vaults. Secondarily, the types of plants and animals and their density can affect net groundwater
recharge, which is highly influenced by surface vegetation and burrowing. A detailed description of the
ecology of the Hanford Site is given in Appendix D, which summarizes the evaluation presented in
Cushing (1991). The Cushing document details both the terrestrial and aquatic ecology of the Hanford
Site and presents extensive listings of plant and animal species.

The Hanford Site is botanically characterized as a shrub-steppe environment and contains numerous
plant and animal species adapted to the region's semiarid environment. Because of the aridity and low
water-holding capacity of the soils, the productivity of both plants and animals is relatively low. The site
consists of mostly undeveloped land with only about 6% of the area occupied by chemical processing
facilities, nuclear reactors that no longer operate, or supporting facilities. The activities do not have a sig-
nificant impact on the Site ecology. Most of the Hanford Site has not experienced tillage or agriculture
grazing since the early 1940s. This summary will consider only terrestrial ecological impacts because the
Grout Disposal Facility is not located in the vicinity of significant aquatic ecological systems. All aquatic
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sites in the 200 Areas are temporary water bodies associated with waste disposal practices. Refer to
Appendix D for a more detailed description of these and other aquatic sites at the Hanford Site.

The dominant plants in the area in the early 1800s before settlement and agricultural activities were
big sagebrush and perennial bunchgrass. Agriculture opened the area to invasion of alien plants, namely
cheatgrass. Cheatgrass today is dominant on fields and rangeland that were cultivated 40 years ago. The
dominant plants on the 200 Area Plateau are big sagebrush, rabbitbrush, cheatgrass, and Sandberg's blue-
grass, with cheatgrass providing half the total plant cover. Root penetration to depths of over several
meters has not been demonstrated in the 200 Areas (Cushing 1991). Rabbitbrush roots have been found
at a depth of 2.4 m (8 ft) near the 200 Areas.

The most abundant nesting birds of the shrub-steppe at the Hanford Site are the homed lark and
western meadowlark, but significant populations of chukar and gray partridge are supported. Mourning
doves also nest throughout the Site. The most abundant mammals of the Site are mice, ground squirrels,
gophers, voles, and cottontail rabbits. Larger animals include mule deer and elk. The coyote is the
principal mammalian predator at the Site.

The top of the grout vaults will be about 5 m (16.4 fit) or more below grade and the grout waste
form will be below this level, such that the system is well below the soil root zone and below possible
burrowing animal depths, and covered by at least two barrier systems. The permanent isolation barrier to
be constructed at the surface that will cover all vaults also is designed to inhibit both root penetration and
burrowing animals. Occasional range fires occur in the area, but these have only a short-term impact
because natural vegetation quickly returns within a year or two. Consequently, the long-term impact to
exposure pathways from short-term ecological variability has not been considered in this performance
assessment.

2.1.5 Climate and Meteorology

Consideration of local and regional climate patterns and future climate projections is required to
evaluate the impacts on groundwater recharge and flood potential. Total precipitation and seasonal fre-
quency has a direct influence on water available for recharge and a secondary influence on recharge
through effects on vegetation. In evaluating contaminant flow and transport, the recharge rate is a pri-
mary parameter in model simulations. A projection of potential long-term climate conditions is required
to evaluate possible future changes in climate that might result in higher precipitation rates or glaciation.
A general description of modem climate patterns in the regional Hanford Site area and climate patterns of
the recent past are summarized in this section, along with possible future changes. A more detailed dis-
cussion of climatology related to the Hanford Site is given in Appendix B.

The climate of the Pasco Basin can be classified as midlatitude semiarid or midlatitude desert,
depending on the climatological classification scheme being used. Summers are wann and dry with
abundant sunshine. Large diurnal temperature variations are common during this season, resulting from
intense solar heating and nighttime cooling. Daytime high temperature in June, July, and August can

September 1994 2.16



WHC-SD-WM-EE-(X, Rev. I

exceed 40*C (104'F). Winters are cool with occasional precipitation. Outbreaks of cold air associated
with modified arctic air masses can reach the area and cause temperatures to drop below -18 0 C (O*F).
Overcast skies and fog occur periodically during winter.

2.1.5.1 Modern Climatic Patterns

The Pasco Basin is in the rain shadow of the Cascade Range. These mountains limit much of the
maritime influence of the Pacific Ocean, producing a climate that is more continental in nature than
would occur if the mountains were not there. The local topographic features have a significant effect on
temperature, wind, and precipitation because all air masses that reach the Pasco Basin undergo some
modification following their passage over the relatively complex topography of the area. The climate of
the Hanford Site within the Pasco Basin is greatly influenced by the Cascade Mountains beyond Yakima
to the west. In addition to providing a rain shadow effect, this range also serves as a source of cold air
drainage, producing a considerable effect on the wind regime at the Hanford Site.

Climatological data are available from the Hanford Meteorological Station (HMS), located between
the 200 East and 200 West Areas and situated on a plateau at about 215 m (705 ft) elevation. Data have
been collected at this location since 1945. Temperature and precipitation data are also available from
nearby locations for the period 1912 through 1943. A data summary through 1980 has been published by
Stone et al. (1983). Data from the HMS are representative of the general climatic conditions for the
region and describe the specific climate of the 200 Area plateau, including the Grout Disposal Facility.
Local variations in the topography of the Hanford Site may cause some aspects of climate at portions of
the Hanford Site to differ significantly from those at the HMS. For example, winds near the Columbia
River are different than those at the HMS. Similarly, precipitation along the slopes of the Rattlesnake
Hills differs climatically from that at the HMS.

Temperature. Diurnal and monthly averages and extremes of temperature are presented in Stone
et al. (1983). Average monthly temperature at the HMS is 12'C (541F). The unusually cool nights that
do occur result from cool gravity winds originating from the Cascade Mountains. Temperatures at the
Hanford Site are colder in the winter and warmer in the summer than would be the case without the
Cascades blocking the more equitable maritime climate to the west. The Pasco Basin is warmer during
the winter than a site at an equivalent latitude on the Great Plains in the midecontinent because mountain
ranges to the north and east shield the area from many of the arctic surges that descend out of Canada.
Half of all winters are free of temperatures of - 18*C (O*F) or lower. Additional details on daily and sea-
sonal temperature fluctuations are given in Appendix B.

Precipitation. Measurements of precipitation have been made at the HMS since 1945. Average
annual precipitation at the HMS is 16 cm (6.2 in.). The 3 months of November through January contrib-
ute 44% of this total, while the 3 months of July through September contribute only 13%. On the average
there are only two occurrences per year of 24-hour amounts of precipitation of 1.27 cm (0.5 in.) or more.
Rainfall intensities of 1.27 cm/h persisting for 1 hour are expected once every 10 years. Only two occur-
rences of 24-hour amounts of precipitation of 5.08 cm (2 in.) or more have been recorded in the entire
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35 years of record (1946 through 1980). One of these was the record storm of October 1-2, 1957, in
which rainfall totalled 2.74 cm in 3 hours, 4.27 cm in 6 hours, and 4.78 cm in 12 hours.

About 38% of all precipitation during the months of December through February is in the form of
snow. Winter monthly average snowfall ranges from 0.8 cm (0.3 in.) in March to 13.5 cm (5.3 in.) in
January. Only one winter in four is expected to accumulate as much as 15.24 cm (6 in.) of snow on the
ground. On average, four seasonal number days have 15.24 cm or more of snow on the ground, although
the 1964-1965 winter had 35 days with snow on the ground, 32 of which were consecutive. That winter
also provided one of the greatest snow depths, with 30.7 cm (12 in.) of snow occurring in
December 1964. The record greatest depth of snow on the ground is 62.2 cm (24.5 in.) in February 1916.
This precipitation profile suggests opportunities for a nonzero infiltration center around the direction and
frequency of precipitation events during the winter months when evaporation is less and plant uptake and
transpiration is maintained.

2.1.5.2 Climate Pattern of the Recent Past

Cropper and Fritts (1986) derived a 360-year regional reconstruction of seasonal and annual varia-
tions in temperature and precipitation from statistical relationships between meteorological records from
Columbia Basin stations and tree-ring data from western North America. They calibrated the relationship
between Columbia Basin weather records and a network of 65 tree-ring chronologies. The results suggest
that the average temperature of the Columbia Basin for the last three centuries was slightly higher (0.090 C
[0. 16*F]) and more variable (4% higher standard deviation) than in the 20th century. The increase was
primarily attributed to warmer winters. The reconstructions also suggest that the last three centuries were
wetter on the average (0.81 cm [0.31 in.]), primarily in the autumn. Furthermore, droughts were appar-
ently more frequent starting in the second half of the 17th century and lasted longer than droughts of the
20th century.

Gramulich (1987) also used multiple regression models to reconstruct precipitation in the Pacific
Northwest. The results indicate that the average precipitation of the 18th and 19th centuries did not differ
from the average precipitation of the 20th century. The reconstructions also indicate that extreme drought
years, caused by high-pressure ridges shifting storm tracks to the north during normally wet winter
months, were common to all regions in the Pacific Northwest

2.1.5.3 Holocene Paleoclimate Patterns

Chatters (1991) and Chatters and Hoover (1992) summarize proxy evidence for climatic change in
the Columbia Basin for the last 10,000 to 13,00X years. Findings identify a terminal Pleistocene environ-
ment kept cool and dry by masses of ice and glacial meltwater, supporting a mosaic of now-allopatric
plant and animal communities. This was followed between 10,000 and 8,500 years ago by a period of
warmer-than-modem summers, colder-than-modem winters and low, but spring-dominant, precipitation,
supporting extensive grasslands and the faunas associated with them. By 8,000 years ago, summer and
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winter were both relatively warm, and precipitation was at least 33% below modem levels. This climate
pattern resulted in reduced stream flows with late spring flow maxima and extensive development of
shrub-steppe vegetation throughout most of the region.

Between 4,500 and 3,900 years ago the climate went through a period of transition to wetter and

cooler conditions. Rivers flooded frequently and forests expanded into steppe zones. From 3,900 to
2,400 years ago the climate was cool in summer and cold in winter, with winter-dominant precipitation at
least 30% above modem amounts. Warmer, drier conditions returned between 2,400 and 2,000 years ago,
reducing vegetation density and renewing flooding.

2.1.54 Milankovitch Theory of Global Climatic Change

Among climatologists, it is universally accepted that global climates have undergone significant
variation in the past, and such natural variations are expected to continue into the future (Crowley and
North 1991). According to the Milankovitch theory, the Pleistocene ice ages were caused primarily by
changes in the seasonal distribution of incoming radiation associated with orbit variations. Over the last
800,000 years and possibly for as long as the last 2,000,000 years, the earth has experienced many glacial
cycles, each about 100,000-years long with a 10,000-year-long interglacial period (Hays, Imbrie, and
Shackleton 1976; Kukla 1981; Berger et al. 1984). The last interglacial/glacial cycle started with a
10,000-year-long interglacial period (deep sea core oxygen isotope stage 5e) about 125,000 years ago,
which was immediately followed by a rapid growth of globalice-sheets beginning at 115,000 years ago.
Glacial climate dominated the earth until about 12,000 years ago when continental ice retreated from its
most southern extent into what is now the state of Washington. Based on past geophysical evidence, the
next glacial period is approaching. An example of temperature changes during a glacial period is that,
during the extreme of the full glacial period about 18,000 years ago, Canada was covered with ice. Tem-
peratures during that period were about 5-10 0C (9-18*F) colder than present temperatures.

2.1.5.5 Greenhouse Theory of Climate Change

The potential impact of the increase of some gases in the atmosphere suggests that human activity
is contributing to climate change (Hansen et al. 1981; Schneider 1989). The current buildup of carbon
dioxide, methane, and other gases from the use of fossil fuels may lead to warming of the lower atmos-
phere through a process called the "greenhouse effect." The greenhouse effect is not entirely bad. With-
out greenhouse gases to help blanket the earth and hold heat, this globe would be 240 C (54*F) colder.
The concern is based on the apparent rapid increase of carbon dioxide in the atmosphere since 1958,
when measurements of carbon dioxide were initiated. Since 1958, carbon dioxide levels have increased
25%. If the levels continue to increase at that rate, the concentration of carbon dioxide will be doubled
from the estimated pre-industrial level by the middle of the next century. Complex computer models sug-
gest that global temperature also will increase, with estimates of temperature increases ranging from
1.50C (3.4 0F) to 4*C (9*F) (Houghton, Jenkins and Ephraums 1990).
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2.1.5.6 Long-Term Future Climate Change

Although the potential for future warming from the greenhouse effect exists, ultimately the effect
will be overwhelmed as the next ice age advances. Berger et al. (1991) review seven models of different
complexity developed to predict the global climate for the next 10,000 to 100,000 years (e.g., Calder
1974; Petersen and Larsen 1978; Melice and Berger 1989; Imbrie and Imbrie 1980; Kukla et al. 1981;
Berger 1981; Berger et al. 1990). All of the models are in relatively good agreement with the computa-
tion of astronomical forcing of climate change. In the absence of anthropogenic disturbances, the long-
term cooling trend that began some 6,000 years ago will continue for the next 5,000 years. This first
slight minimum will be followed by a stabilization at about 15,000 years, by a cold interval centered at
approximately 25,000 years, and finally by a major glaciation at about 55,000 years. If, however, the
Greenland ice sheets were to disappear in the next few centuries because of the effects of greenhouse
warming, for example, the northern hemisphere ice sheets would not reappear before 15,000 years from
now. The climate would remain different from its natural evolution for up to 6,500 years, the maximum
ice volume amounting to only two-thirds of its naturally expected size at that time.

Winograd et al. (1992) has questioned the regular cyclic timing used in part to date the pace of the
ice ages (e.g., Berger et al. 1991, Hays et al. 1976) by using a well dated and uninterrupted 500,000-year
paleotemperature record contained in oxygen-18 concentrations in calcite deposits below the water table
in Devils Hole crevasse in Nevada. Rather than a steady beat of ice age-and-interglacial lasting a com-
bined 110,000 years, as predicted by celestial mechanics, Winograd et al. (1992) found that beginning
about 420,000 years ago, the ice age-and-interglacials had increasing lengths of 79,000, 85,000, 113,000,
and finally 128,000 years, providing an aperiodic swing to the climate cycle. The implication they see for
waste isolation is that the present interglacial may last another 10,00) years and continental glacial ice
may not reach its maximum extent until 100,00) years.

2.1.5.7 Climate Summary

The analysis of present and future climate conditions at the Hanford Site and in the Site region sug-
gest it is reasonable to assume that climate conditions similar to current conditions will prevail for at least
10,000 years and probably considerably beyond that time. However, considering the uncertainty inherent
in any climate analysis, wetter climate conditions and associated higher recharge also will be considered.
It is generally accepted that, at some time at about 50,000 years or beyond, major glaciation will occur,
followed by possible flooding similar to that following the last glacial stage. Although considerable
uncertainty is associated with future glaciation, some simulations in this performance assessment will
examine human health impacts associated with a resident population following flooding and redeposition
of grouted low-level waste after 50,000 years.
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2.1.6 Geology

The geology of the Grout Disposal Facility and the Hanford Site includes thick sequences of water-
derived sediments varying in texture from cobbles and coarse gravels to fine silts and clays. These sedi-
ments overlay thick basalt flows. An unconfined aquifer exists in the lower part of the sedimentary
sequence overlaying the uppermost basalt flow. This aquifer, which is relatively shallow, is considered
the primary contaminant pathway for evaluating exposure scenarios because it intercepts infiltration from
the vadose (unsaturated) zone above it, thus providing an opportunity for water and contaminant transport
to the Columbia River. Knowledge of the thickness and lateral distribution of the sediments and other
characteristics is required to define a conceptual model for contaminant transport from the vaults through
the vadose zone and from the unconfined aquifer to a well-water user or the Columbia River, to define
hydraulic parameters, and to interpret modeling results. The geological and physical setting of the
Hanford Site has been extensively characterized during past activities at the Site. This section sum-
marizes the physical geology and environmental setting of the Hanford Site and the facility with emphasis
on the sedimentary sequence. A more detailed discussion in Appendix C by Lindberg et al. (1993) pre-
sents specific geologic and hydrologic information for the Grout Disposal Facility site. More detailed
discussion of the northwest regional geology and the Hanford Site is in U.S. DOE [1987 (Section 4.2 and
Appendix 0), 1988c], Myers et al. (1979), Meyers and Price (198 1), Reidel and Hooper (1989), and
Delaney et al. (1991). The hydrology of the Grout Disposal Facility and the Hanford Site is summarized
subsequently in Section 2.1.7.

The Hanford Site lies in the Pasco Basin near the eastern limit of the Yakima Fold Belt. The Pasco
Basin is a structural depression bounded by anticlinal ridges on the north, west, and south and a mono-
cline on the east (see Figure 2.8). The Pasco Basin is divided by the Gable Mountain anticline into the
Wahluke syncline to the north and the Cold Creek syncline to the south. Miocene-aged basalt of the
Columbia River Basalt Group and late Miocene to Pleistocene suprabasalt sediments lie beneath the
Hanford Site. The basalts and sediments thicken into the Pasco Basin and generally reach maximum
thicknesses in the Cold Creek syncline, which is south of the Grout Disposal Facility. Older Cenozoic
sedimentary and volcaniclastic rocks underlying the basalts are not exposed at the surface near the
Hanford Site. Miocene-aged basalt is exposed at some location, such as Gable Mountain and Gable
Butte.

2.1.6.1 Suprabasalt Sediments

Figure 2.11 delineates the general stratigraphy of the suprabasalt sedimentation that makes up the
vadose zone sediments beneath the Grout Disposal Facility. This figure is a schematic to illustrate the
high degree of heterogeneity and discontinuity in the sediments. The sedimentation is composed largely
of Ringold and Hanford formation sediments with the Hanford formation above the Ringold formation.
At the Grout Disposal Facility, the Hanford formation constitutes most of the vadose zone. The supra-
basalt sedimentary sequence at the Hanford Site is up to approximately 230-m (750-ft) thick in the west
central Cold Creek syncline, while it pinches out against the Saddle Mountains anticline, Gable
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Mountain/rUmtanum Ridge anticline, Yakima Ridge anticline, and Rattlesnake Hills anticline. The supra-
basalt sediments are dominated by laterally extensive deposits assigned to the late Miocene- to Pliocene-
aged Ringold formation and the Pleistocene-aged Hanford formation. Locally occurring strata assigned
to the informally defined Plio-Pleistocene unit, early "Palouse" soil, and pre-Missoula gravels compose
the remainder of the sequence. The geology of the Ringold and Hanford formations sediments is

described in some detail because these sediments are the basis for determining vadose zone hydraulic
properties for contaminant transport modeling.

2.1.6.2 Ringold Formation

The Ringold formation at the Hanford Site is up to 185-m (600-ft) thick in the deepest part of the
Cold Creek syncline south of the 200 West Area and 170-m (560-f1) thick in the western Wahluke

syncline near the 100 B Area. The Ringold formation pinches out against the Gable Mountain, Yakima
Ridge, Saddle Mountains, and Rattlesnake Mountain anticlines. It is mostly absent in the northern and
northeastern parts of the 200 East Area and adjacent areas to the north in the vicinity of West Pond.

The Ringold formation consists of semi-indurated clay, silt, compacted mud, fine- to coarse-grained
sand, and granular to cobble gravel that usually are divided into the 1) gravel, sand, and paleosols of the
basal unit; 2) clay and silt of the lower unit; 3) gravel of the middle unit; 4) mud and lesser sand of the
upper unit; and 5) basaltic detritus in localized areas (Newcomb 1958; Newcomb et al.1972; Myers et al.
1979; Bjornstad 1984; U.S. DOE 1988c). Ringold strata also have been divided on the basis of facies
types (Tallman et al. 198 1) and fining upwards sequences (PSPL 1982). Recent studies of the Ringold
formation (Lindsey and Gaylord 1989; Lindsey 1991) indicate that the formation is best described and
divided on the basis of sediment facies (individual stratigraphic bodies) associations and their
distribution. Facies associations in the Ringold formation (defined on the basis of lithology, petrology,
and stratification) include fluvial gravel, fluvial sand, overbank deposits, lacustrine deposits, and basaltic
gravel. The Ringold formation is assigned a late Miocene to Pliocene age (Fecht et al.1987; U.S. DOE
1988c). In general, the Ringold formation tends to be finer grained, or siltier in the upper parts that are

just below the Hanford formation.

2.16.3 Hanford Formation

The Hanford formation consists of pebble-to-boulder gravel, fine- to coarse-grained sand, and silt.
It can be divided into two main facies: coarse-grained or gravelly deposits and fine-grained or sandy and
silty deposits. The Hanford formation also is commonly divided into two informal members: the Pasco
gravels-and the Touchet Beds (Myers et al. 1979; Tallman-et-al. 1981; et al. 1987; U.S. DOE 1988c). The
Pasco gravels correspond to the gravelly facies, and the Touchet beds to the sandy to silty facies. The
Hanford formation is thickest in the Cold Creek bar in the vicinity of the 200 West and 200 East Areas
where it is up to 65-m (210-ft) thick. The Hanford Site deposits are absent on ridges above approxi-
mately 360 m (1,180 ft) above sea level.
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The gravelly facies consists of coarse-grained sand and granule-to-boulder gravel that display mas-
sive bedding, plane to low-angle bedding, and large-scale cross-bedding in outcrop. Matrix commonly is
lacking in gravels, giving them an open framework appearance. The gravelly facies dominates the
Hanford formation in the 100 Areas north of Gable Mountain, the northern part of the 200 East Area, and
the eastern part of the Site, including the 300 Area. In the 200 East and 200 West Areas, the facies asso-
ciation generally fines to the south, containing less gravel. The gravelly facies was deposited by high-
energy flood waters in flood bars and along channelways such as the Ringold Coulee and Gable Mountain
channel.

The sand and silt facies consists of silt and fine- to coarse-grained sand that commonly display nor-
mally graded rhythmites a few centimeters to several tens of centimeters thick in outcrop (Myers et al.
1979; U.S. DOE 1988c). This facies is found throughout the central, southern, and western Cold Creek
syncline within and south of the 200 East and West Areas. These sediments were deposited under slack-
water conditions and in backflooded areas (U.S. DOE 1988c).

2.1.6.4 Surficial Deposits

Holocene surficial deposits consist of silt, sand, and gravel that form a thin (<16 ft) veneer across
much of the Hanford Site. These sediments were deposited by a mix of eolian and alluvial processes.

2.1.6.5 Geology of the Grout Teatment Facility

The geologic data used to determine the lithologic character of the vadose zone sediments and other
suprabasalt sediments in the vicinity of the Grout Treatment Facility were derived largely from numerous
wells both within and adjacent to the site. The location of these wells is shown in Figure 2.12 along with
boundary locations of the 200 East Area and the Grout Treatment Facility, and the 216-B-3 Pond system
(B Pond). Figure 2.12 also shows the locations of geologic cross sections, A-A' and B-B' through the
grout disposal area.

Cross sections A-A' and B-B' derived from well logs from wells in and adjacent to the Grout Dis-
posal Facility (Figures 2.13 and 2.14, respectively) depict the vertical and lateral variations in lithologic
characteristics of both the Hanford and Ringold formations within and adjacent to the Grout Disposal
Facility. They also show the location of the current water table, and the location of the 1944 water table,
which is expected to be re-established after the B Pond system is no longer used. Samples from a char-
acterization well (2-E25-234) that penetrated the upper part of the Hanford formation in the Grout Dis-
posal Facility (Figure 2.13) and data from samples of other wells in the area were used to obtain saturated
hydraulic conductivities and moisture retention characteristics of vadose zone sediments used in flow and
transport modeling.

2.1.6.6 Geology Summary

The cross sections indicate that the sediments in the Grout Disposal Facility area exhibit considera-
ble vertical and lateral variation in type and texture, but enough continuity is present to separate the
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Hanford formation into an upper and lower unit based on a recognizable sandy gravel lithology character-
istic of the lower unit. This separation also is consistent with regional 200 Area stratigraphy. Conse-

quently, in developing the conceptual model (refer to Chapter 3.0), the Hanford formation is considered

as two units. The north-south cross section, A-A', indicates that the Ringold formation becomes thinner

from south to north. In the vicinity of the Grout Disposal Facility (below well 2-E25-234), the top of the
Ringold formation is a silty sand compared with a more gravelly Hanford formation above. The water

table for the unconfined aquifer is expected to be located in this upper Ringold formation unit after the
B ponds are not used. Thus, the conceptual model will assume the vadose zone includes the entire

Hanford formation plus a small part of the Ringold formation above the water table. For more details on
the Grout Disposal Facility geology, see Lindberg et al. (1993), Appendix C.

2.1.7 Hydrology

This section describes the surface and subsurface hydrology of the Hanford Site region and the
Grout Disposal Facility and also addresses an estimate of an appropriate recharge rate that will be adopted
for modeling. A knowledge of the surface hydrology provides a basis for determining possible surface
pathways for dissolved or suspended contaminants as well as identifying sources of infiltration. The
groundwater hydrology helps determine possible flow paths for contaminants leached from the disposal
facility, and provides a basis for determining vadose zone thickness. The regional surface and subsurface
hydrology is discussed first, followed by hydrologic characteristics of the Grout Disposal Facility.

2.1.7.1 Surface Hydrology

Surface drainage enters the Pasco Basin from several other basins, including the Yakima River
Basin, Horse Heaven Basin, Walla Walla River Basin, Palouse/Snake Basin, and Big Bend Basin (Fig-
ure 2.15). Within the Pasco Basin, the Columbia River is joined by major tributaries, including the
Yakima, Snake, and Walla Walla rivers. No perennial streams originate within the Pasco Basin.
Columbia River inflow to the Pasco Basin is recorded at the United States Geological Survey (USGS)
gage below Priest Rapids Dam, and outflow is recorded below McNary Dam. Average annual flow at
these recording stations is approximately 1.1 x 10l m3 (8.7 x 107 acre-f) at the USGS gage and
1.6 x loll m3 (1.3 x 108 acre-ft) at the McNary Dam gage (U.S. DOE 1988c). Total estimated
precipitation over the basin averages 16.0 cm/yr (6.2 in./yr) as indicated in Section 2.1.5. Mean annual
runoff from the basin is estimated to be less than 3.1 x 107 m3/yr (2.5 x 104 acre-ft/yr), or approximately
3% of the total precipitation.

Primary surface-water features associated with the Hanford Site are the Columbia River and its
major tributaries, the Yakima, Snake, and Walla Walla rivers. West Lake, located about 2.8 km (1.7 mi)
north of the 200 East Area, is a shallow pond with an average depth of about I m (3 ft) and a surface area
of about 40 hectares (10 acres). While described as a natural lake, the source of recharge to the lake is
groundwater that is locally mounded because of infiltration from 200 Area operations. The pond repre-
sents a topographic depression that intersects the artificially elevated water table (U.S. DOE-RL 1993a;
p. 3-10). When 200 Area disposal activities are halted, the water table will drop and West Lake will
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Figure 2.15. Hydrologic Basins Designated for the Washington State Portion of the
Columbia Plateau (U.S. DOE 1988c)

become an intermittent seasonal pond (U.S. DOE-RL 1993b). Wastewater ponds, cribs, and ditches asso-
ciated with nuclear fuel processing and waste disposal activities also are present on the Site (Figure 2.16).

Routine water-quality monitoring of the Columbia River is conducted by DOE for both radiological
and nonradiological parameters and has been reported by PNL since 1973. Washington State Department
of Ecology has issued a Class A (excellent) quality designation for Columbia River water along the
Hanford Reach from Grand Coulee Dam, through the Pasco Basin, to McNary Dam. This designation
requires that all industrial uses of this water be compatible with other uses, including drinking, wildlife
habitat, and recreation. In general, the Columbia River water is characterized by a low suspended load, a
low nutrient content, and an absence of microbial contaminants (Woodruff et al. 1992).
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The surface drainage characteristics of the Hanford Site and regional area indicate the Columbia
River and its tributaries are the major surface drainage pathways, with the Columbia as the dominant
pathway. The large volume of flow in the Columbia River through the Pasco Basin and downstream per-
mits considerable dilution. No surface streams are near the Grout Disposal Facility, but current disposal
ponds have an artificial influence on net contributions to the water table. These disposal ponds and
related facilities are not expected to exist after current operations are terminated, so their long-term influ-
ence is not considered in this performance assessment.

2.1.7.2 Subsurface Hydrology

The groundwater pathway is considered the most likely pathway for contaminants released from the
vault because of the low precipitation in the Pasco Basin, the lack of surface transport pathways near the
Grout Disposal Facility, and the subsurface location of the vaults. To evaluate this pathway, information
is required about the types of aquifers present, depths to the water table, regional flow paths, and the net
recharge rate. This section summarizes the regional hydrogeology of the Hanford Site and the more
localized hydrology of the Grout Disposal Facility. More details on the hydrology of the Grout Disposal
Facility are presented in Lindberg et al (1993) (Appendix C). A summary of studies related to evaluating
the net recharge rate also is given in this section.

The hydrogeology of the Pasco Basin is characterized by a multiaquifer system that consists of four
hydrogeologic units corresponding to the upper three formations of the Columbia River Basalt Group
(Grande Ronde Basalt, Wanapum Basalt, and Saddle Mountains Basalt) and the suprabasalt sediments.
The basalt aquifers consist of the tholeiitic flood basalts of the Columbia River Basalt Group and rela-
tively minor amounts of intercalated sediments of the Ellensburg formation. Confined zones in the basalt
aquifers are present in the sedimentary interheds and/or interflow zones that occur between dense basalt
flOWS. The main water-bearing portions of the interflow zones are networks of interconnecting vesicles
and fractures of the flow tops and flow bottoms (U.S. DOE 1988c). The suprabasalt sediment or upper-
most aquifer system consists of fluvial, lacustrine, and glaciofluvial sediments. This aquifer is regionally
unconfined and is contained primarily within the Ringold formation and Hanford formation. This uncon-
fined aquifer is considered the primary pathway for use in modeling possible contaminant transport from
the Grout Disposal Facility. The conceptual model of the unconfined aquifer is discussed in Chapter 3.0
and modeling results are given in Chapter 4.0.

The uppermost aquifer system is regionally unconfined beneath the Hanford Site and lies at depths
ranging from less than 0.3 m (I ft) below ground surface near West Lake and the Columbia and Yakima
rivers, to greater than 106.7 m (350 ft) in the central portion of the Cold Creek syncline. Groundwater in
this aquifer system occurs within the glaciofluvial sands and gravels of the Hanford formation and the
fluvial/lacustrine sediments of the Ringold formation. The position of the water table in the southwestern
Pasco Basin is generally within Ringold fluvial gravels. In the northern and eastern Pasco Basin the
water table is generally within the Hanford formation. The main body of the unconfined aquifer generally
occurs within the Ringold formation. The base of the uppermost aquifer system is defined as the top of
the uppermost basalt flow. Hydraulic conductivities of the Hanford formation are generally greater than
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for the gravel facies of the Ringold formation (Graham et al. 1981). However, fine-grained deposits in
the Ringold formation locally form confining layers for Ringold fluvial gravels. The uppermost aquifer
system is bounded laterally by anticlinal basalt ridges and is approximately 152.4-m (500-ft) thick near
the center of the Pasco Basin.

Before the liquid waste disposal systems such as B Pond began operating, and before the onset of
large regional irrigation projects, the groundwater table for the Hanford Site can be represented by a 1944
water table map (Figure 2.17). The 1944 water table contours suggest that groundwater flow is easterly
toward the Columbia River and the hydraulic gradient is relatively uniform in the midsection of the
Hanford Site. Before operations at the Hanford Site began in 1944, the hydraulic gradient in all but the
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Figure 2.17. Hindcast Water Table Map of the Hanford Site, January 1944 (ERDA 1975)
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southwestem-most portion of the Hanford Site was approximately 1.5 m/km (5 ft/mi). Regional ground-

water flow was generally toward the east-northeast, although flow north of Gable Mountain was more to

the north. Artificial recharge of the uppermost aquifer system currently occurs from the disposal of large
volumes of wastewater on the Hanford Site (principally the 200 Areas) with minor influence from

regional irrigation projects. Effluent disposal at the Hanford Site has altered hydraulic gradients and flow

directions, particularly in the vicinity of the 200 Areas and the Grout Disposal Facility. Figure 2.18
shows the current water table map influenced by effluent disposal actions. Groundwater flow is still
nominally easterly toward the Columbia River, but there is evidence of mounding in the 200 East Area

near B Pond. Groundwater flow north of Gable Mountain now trends in a more northeasterly direction as

a result of mounding near reactors and flow through Gable Gap (the gap between Gable Mountain and
Gable Butte). South of Gable Mountain, flow is interrupted locally by the groundwater mounds in the
200 Areas. A component of groundwater flow is to the north between Gable Mountain and Gable Butte

from the 200 Areas. Relative to the time periods considered in this performance assessment, effluent dis-
posal operations will have ceased to function. Thus, modeling activities used for this performance assess-
ment assume a water table consistent with the 1944 map (see Figure 2.17).

2.1.7.3 Subsurface Hydrology of the Grout Treatment Facility

As discussed above in terms of regional groundwater flow, groundwater flow beneath the 200 East
Area is complex because of the convergence of flow from the west (local groundwater flow system) and

east (B Pond artificial recharge). This convergence of flow has caused groundwater within the uncon-
fined aquifer to depart from historical flow paths, with a component flowing northward between Gable

Butte and Gable Mountain and another component flowing southeast toward the Columbia River (see
Figure 2.18). In addition, the high transmissivity beneath most of the 200 East Area (due to the presence
of the current water table in the gravel-rich part of the lower Hanford formation) results in low hydraulic
gradients. Groundwater flow direction has changed temporarily because of changing rates of wastewater
discharged to B Pond and other disposal sites. Therefore, it is often difficult to define groundwater flow
direction from water table maps of the 200 East Area. However, contaminant plume maps indicate long-
term trends in groundwater flow directions (Serkowski and Jordan 1989). These plume maps indicate a
north-northwest direction of flow in the extreme north central portion of the 200 East Area and a south to

southeast direction of flow in the southeast portion of the 200 East Area. Details of a recent water table
map in the 200 Areas, along with the distribution of a number of wells, including monitoring wells, are
shown in Figure 2.19.

The uppermost aquifer system (unconfined aquifer) within and adjacent to the Grout Treatment
Facility is defined as the saturated units above the uppermost basalt. The permeable portion of the upper-
most aquifer system consists of the lower gravel of the Hanford formation and Ringold units A and E
(fluvial gravel). Where present, the lower mud of the Ringold formation acts as a confining layer to
Ringold unit A. The base of the uppermost aquifer system is the Elephant Mountain Member of the
Saddle Mountain Basalt formation. An isopach (thickness) map of the unconfined aquifer is shown in
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Figure 2.18. Hanford Site Water Table Map, June 1989 (Smith and Gorst 1990)

Figure 2.20. The uppermost aquifer system thickens to the south within the map area. The map was con-
stmcted by taking the difference in elevation between the water table and the top of the basalt. As indi-
cated, the aquifer is about 20-r thick in the north area and 50-n thick in the south area.

The top of the uppermost aquifer systent within the study area is contained within either Ringold
fluvial gravel unit A, orE, the Hanford foration lower gravel sequence (or undifferentiated Hanford
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formation gravel), or the Hanford sandy sequence. Figure 2.21 shows the geologic units that the water
table intersects. Within the western portion of the Grout Treatment Facility, the water table is contained
within the Ringold fluvial gravel unit A. The water table occurs within the Hanford formation lower
gravel sequence in the eastern portion of the map area. In the western portion of the map area, the water
table occurs within the Ringold gravel units A and E and the Hanford formation sandy sequence. After
operation of the disposal ponds is discontinued, the unconfined aquifer will be thinner and the water table
is expected to be contained in the Ringold formation in the vicinity of the Grout Disposal Facility.

Hydraulic properties of transmissivity and/or hydraulic conductivity have been determined from
some of the wells in the map area and are reported in Appendix C. Comparisons of equivalent hydraulic
conductivities determined from pumping tests (i.e., Graham et al. 1981 and Appendix C) and the values
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of saturated K given in Appendix I (Rockhold, Fayer and Heller 1993) indicate that values from pumping
tests are greater by orders of magnitude. The values reported in Appendix J and used in this performance
assessment for vertical hydraulic conductivity are from a small volume sample that was repacked in the

laboratory. The pump test values (Appendix C) are for horizontal conductivity for a large volume of
material influenced by pumping tests. The ratio of horizontal-to-vertical conductivity was previously
reported to range between 16 and 13 for a well located northeast of the Grout Disposal Facility (Graham
et al. 198 1). This reported ratio does indicate the expected trend of horizontal conductivity exceeding
vertical conductivity; however, it does not account for the differences in the values reported in
Appendices C and J. Measurements reported in these appendices are not of the same materials. The
Graham et al. (1981) report is an interpretation of anisotrophy of a single point in the aquifer. The high
saturated horizontal hydraulic conductivity reported in Appendix C suggests that once contamination is in
the aquifer it could move rapidly to a well located 100-m downgradient, and its movement could be
caused by a very low hydraulic gradient. The magnitude of the horizontal hydraulic conductivities also
suggests that layers of well-sorted gravels may exist, and, therefore, capillary breaks could exist in the
vadose zone. Such geohydrologic structures within the vadose zone can cause lateral migration of water
and contaminants. Some direct evidence for this is available from maps of contaminant plumes accom-
panied by large liquid volumes from previous single-shell tank leaks at the Hanford Site (Routson et al.
1979). Because releases from grout vaults are not accompanied by large liquid releases, dispersion was
neglected in modeling flow and transport through the vadose zone, and because vertical flow should
dominate, the laboratory-measured saturated hydraulic conductivities were applied.

2.1.7.4 Natural Recharge Rates

Recharge is the net amount of total precipitation that infiltrates into the unsaturated zone after run-
off, evaporation, and transpiration by plants have occurred. Recharge from rain and snowmelt sources is
a major hydrologic variable required to evaluate contaminant transport from the Grout Disposal Facility.
Studies conducted over the last 20 years at the Hanford Site indicate that recharge can be highly variable
depending on factors such as climate, vegetation, and soil texture. These studies are summarized below.

Bauer and Vaccaro (1990) estimated groundwater recharge for the Hanford Site as part of their
study of recharge affecting the Columbia Plateau regional aquifer. Using daily precipitation and tempera-
ture data for the period 1956 through 1977, and a water budget model, they estimated recharge for sub-
areas of the Hanford Site ranging in size from 65 to 260 hectares (0.25 to 1.0 mi 2). Their model included
the following physical processes: snow accumulation and melt, interception of precipitation, surface run-
off, evaporation from foliar cover, evaporation from bare soil, and plant transpiration. It accounts for the
influences of soil type, land use, plant growth, altitude, slope, and aspect. The long-term (i.e., 21-year)
average of annual recharge for the entire Hanford Site was estimated to be 0.97 cm/yr (0.38 in./yr). They
estimated a long-term average recharge rate of 0.25 to 1.27 cm/yr (0.1 to 0.5 in./yr) at the location of the
Grout Disposal Facility on the 200 Area plateau.

Routson and Johnson (1990) reviewed water infiltration data from a 13-year observation period of
the closed-bottom lysimeter located in the 200 East Area, and cesium- 137 profile data from a solid waste
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burial ground trench in the 200 West Area. They concluded that for the natural soils and vegetation of the

200 Area plateau and for areas where natural near-surface conditions could be restored, the potential for

downward movement of contaminants in the upper vadose zone is minimal. The recharge rate of the
closed-bottom lysimeter was estimated to be 0.0 ± 0.2 cm/yr based on the 13-year record. They recom-
mended that management and cleanup efforts strive to maintain or recreate natural soil and vegetative
cover conditions.

Gee et al. (1992) reviewed all published recharge studies for the Hanford Site and described the
reasons for highly variable observations of recharge. They describe the roles played by the three major
factors of climate, soil, and vegetation. Clearly, recharge is directly related to annual precipitation; where
recharge is observed, more precipitation implies more recharge. Also, recharge has been shown to
depend on the seasonal distribution of precipitation, with maximum recharge events occurring after the
wettest winter periods. Recharge is greatest for coarse-textured soils; least for fine-textured soils. It is

greatest for surfaces that are maintained free of vegetation; least for surfaces supporting both shallow- and
deep-rooted vegetation. Gee et al. (1992) discuss the variability of recharge at the Hanford Site and
evaluate the results of a number of lysimeter studies. They conclude that under normal vegetated condi-
tions in fine soils, recharge may be near zero.

The results of research reported by Gee et al. (1992) are more relevant to the surface barrier

because the surface barrier involves silt loam soils, vegetation, and climate specific to the barrier design
and 200 Area plateau. The finding that occasional range fires have only a short-term impact on the vege-
tation further supports neglecting short-term ecological variability in assessing long-term performance.
Thus, the interpretation of field observations and supporting simulations of the near-surface environment,
that there will be negligible or nonmeasurable recharge through an isolation barrier (see Section 2.7), is

adopted. The net infiltration design goal for the permanent isolation barrier is 0.05 cm/yr (i.e., a non-zero
value), because the field measurement program could not achieve an absolute zero recharge goal. This
value could have been adopted as the infiltration rate for the performance assessment analyses; however,
it was doubled and the value 0. 1 cm/yr was adopted to provide additional conservatism.

2.1.8 Regional Background Contamination and Site Monitoring

Wastewaters discharged on the Hanford Site have reached the unconfined aquifer and the confined
aquifer of the Rattlesnake Ridge interbed. The primary constituents that have reached the upper confined
aquifer and the uppermost aquifer system are tritium, iodine-129, ruthenium-106, technetium-99,
uranium, nitrate, and chromium (U.S. DOE 1986a). The groundwater is monitored routinely and exten-
sively to record the movement of contaminants and to determine any impact from the Site to the public.
Groundwater monitoring reports are produced annually (e.g., Swanson et al., 1988, Serkowski and Jordan
1989, and Woodruff et al. 1992). Annual reports based on monitoring wells adjacent to the Grout Dis-
posal Facility are sampled quarterly as part of RCRA requirements (Swanson et al. 1988). These sample
results can vary depending on local operations, so a regional baseline study was conducted using these
and other site-wide monitoring results (Johnson 1993). Background levels from this study are given in
Table 2.1 (Johnson 1993), along with tentative threshold levels.
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Table 2.1. Provisional Background Values for Hanford Site Groundwater(')

Constituent (Conc.)

Aluminum (ppb)
Ammonium (pph)
Arsenic (ppb)
Barium (ppb)
Beryllium (pph)
Bismuth (ppb)
Boron (ppb)
Cadmium (ppb)
Calcium (ppb)
Chloride-All (ppb)
Chromium (ppb)
Copper (ppb)
Fluoride (ppb)

Iron-Mid (ppb)
Lead (ppb)
Magnesium (ppb)
Manganese-All (ppb)
Mercury (ppb)
Nickel (ppb)
Nitrate (ppb)
Phosphate (ppb)
Potassium (ppb)
Selenium (ppb)
Silver (ppb)
Silicon (ppb)
Sodium (ppb)
Strontium (ppb)
Sulfate (ppb)
Uranium (pCi/L)
Vanadium (ppb)
Zinc-All (ppb)
Field Alk. (ppb)
Lab Alk. (ppb)
Field pH
Lab pH
TOC (ppb)

Field Cond. (umho/cm)
Lab Cond. (unho/cm)

PNL Results(b)

<2
<50

3.9±2.4
42±20
<0.3

<0.02
<50
<0.2

40,400±10,3(X)
10,300±6,500

4±2
<1

370±100

NA
<0.5

11,800±3,400
7±5
<0.1
<4
NA

<1,000
4,950±1,240

<2
<10
NA

18,260±10,150
236±102

34,300±16,900
1.7±0.8

17±9
6±2
NA

123,000±21,000
NA

7.64±0.16
586±347

NA
380±82

WHC Provisional
Threshold Values

<200
<120

10
68.5
<5
<5

<100
<10

63,600
NC
<30
<30
1,340
775(c)
291
<5

16,480
NC
<0.1
<30

12,400
<1,000
7,975

<5
<10

26,500
33,500
264.1

90,500
3.43

15
NC

215,000
210,000

(6.90, 8.24)
(7.25, 8.25)

2,610
1,610(c)

539
530
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Table 2.1. (contd)

WHC Provisional
Constituent (Conc.) PNL Results(b) Threshold Values

TOX, LDL (ppb) NA 60.8
37.6(c)

Total Carbon (ppb) NA 50,100
Gross Alpha (pCi/L) 2.5±1.4 63

5.79(c)
Gross Beta (pCi/L) 19±12 35.5

12.62(c)
Radium (pCi/L) <0.2 0.23

(a) From Tables 5-9 and 5-11 of DOE/RL-92-03 (U.S. DOE-RL 1992a).
(b) Results shown are mean ± one standard deviation.
(c) Potential outlier observation(s) were removed.
NA = not available; NC = not calculated.

2.1.8.1 Radiological Background

Various natural and human-produced sources of radiation, including natural terrestrial and cosmic
background radiation, medical treatment and x-rays, natural internal body radioactivity, and inhalation of
naturally occurring radon, contribute to radiation doses. The national average for these doses is provided
in Figure 2.22. Of the contributions shown in Figure 2.22, natural background contributes 300 mrem to
the estimated per capita dose to individuals living near the Hanford Site. Human-produced sources con-
tribute an additional 65 mrem/yr. In contrast, annual Hanford Site environmental reports such as
Woodruff et al. (1992) estimate that the maximum dose to an individual from Hanford Site operations in
1991 was about 0.02 mrem. A summary of doses to the public in the vicinity of the Hanford Site from
various sources in 1991 is given in Table 2.2 (Woodruff et al. 1992).

Other non-DOE industrial sources of public radiation exposure exist at or near the Hanford Site.
These include the low-level radioactive waste burial site at Hanford operated by U.S. Ecology, the nuclear
generating station at Hanford operated by the Washington Public Power Supply System, the nuclear fuel
production plant operated by Siemans Nuclear Power Corporation, the low-level waste compacting facil-
ity operated by Allied Technology Corporation, and a decontamination facility operated by Pacific
Nuclear Services. Based on information gathered from these companies, Woodruff et al. (1991) deter-
mined that the total 1990 individual dose from those activities was approximately the same as that from
DOE operations at the Hanford Site (0.03 mrem). The 1991 estimate is 0.02 mrem (Woodruff et al.
1992), as indicated above.

September 19942.41



WHC-SD-WM-EE-004, Rev. I

Cosmic, 30 mrem

Terrestrial, 30 mrem

Internal, 40 mrem
Radon, 200 rnrem

Medical X-Ray, 39 mrem

Nuclear Medicine, 14 mrem
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Consumer Products Nuclear Fuel Cycle 0.04 mrem
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89203058.94

Figure 2.22. Averages for Natural and Human-Produced Sources of Radiation (NCRP 1987)

Table 2.2. Dose Summary from Hanford Site Operations
(Woodruff et al. 1992)

Total Hanford
Hanford Airborne

Effluents(a) Effluents

Maximum Individual Dose, mrem/yr 0.02 0.007
DOE Limit or EPA Standard 100.0 10.0
Percent of Limit or Standard 0.02 0.07
Percent of Natural Background Radiation 0.007 0.002

(a) Includes all air and water effluents beyond site boundary. Dose estimate based on
hypothetical maximum individual.

(b) Background estimated to be 300 mrem/yr.
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2.1.9 Seismic Activity

This section describes the seismic history of the Hanford Site and summarizes the earthquake
potential that the Grout Treatment Facility might experience. This history provides a basis for subjective
estimates of future seismic activity. For long-term evaluation of the Grout Disposal Facility, it is
assumed that earthquake loads will have a cumulative effect over time.

Eastern Washington and, in particular, the Columbia Plateau region is a seismically inactive area
when compared to the rest of the western United States (U.S. DOE 1988c). The closest regions of
historic moderate-to-large earthquake generation are in western Washington and Oregon, western
Montana, and eastem Idaho. The most significant event relative to the Hanford Site is the 1936 Milton-
Freewater, Oregon earthquake that had a magnitude of 5.75 on the Richter scale and occurred more than
90 kn (54 mi) away. The largest Modified Mercalli Intensity was felt at Walla Walla, Washington and
was VII. This event was approximately 105 km (63 mi) from the Hanford Site.

Westinghouse Hanford operates a 20-station seismic network in and around the Hanford Site that is
capable of locating all earthquakes of Richter magnitude 1.5 and larger at or near the Hanford Site, and
magnitude 2.0 and larger throughout the rest of southeastern Washington. The historic seismic record for
eastern Washington began in approximately 1850, and no earthquakes large enough to be felt had epicen-
ters on the Hanford Site. The only evidence of past moderate or possibly large earthquake activity is
geologic evidence. This evidence is shown by the anticlinal folds and faulting associated with Rattle-
snake Mountain, Saddle Mountain, and Gable Mountain. The presently recorded seismic activity related
to these structures consists of micro-size earthquakes. The suggested recurrence rates of moderate and
larger size earthquakes on and near the Hanford Site are measured in geologic time (tens of thousands of
years).

2.1.9.1 Long-Term Structural Evaluation Performance Criteria

This discussion addresses the earthquake loads that the Grout Disposal Facility is likely to experi-
ence during the performance period. Predicted frequencies of seismic events as a function of peak ground
acceleration are shown in Figure 2.23. Earthquake loads are presented for the long-term structural per-
formance assessment.

The freestanding grout disposal vaults and the waste feed system are designed to withstand an
earthquake of 0.25-G horizontal and 0. 17-G vertical acceleration (U.S. DOE 1990b, Section 2.4.2).
A 0.25-G ground motion has a return period of about 10,000 years (probability of exceeding 10-4)
(WCC 1989). As shown in Table 2.3, the probability of exceeding a 0.25 G ground motion in 1,000 years
is only 10%.

Those elements of the Grout Disposal Facility that serve as barriers in the overall performance
assessment must continue to perform at some level throughout the performance period. The deterioration
of the barrier will occur over the long-term performance period (e.g., 500, 1,000, 10,000 years). This
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Figure 223. Comparison of Seismic Hazard for Various Regions of the Hanford Site

performance assessment considers both physical and chemical degradation of the barrier(s). Deformation
and/or cracking from earthquake ground motion is one form of physical degradation.

The asphalt barrier performance could be assessed for 0.25 G and 0.35 G. Further, 0.25 G is the
seismic design basis for DOE's FFTF and the Supply System, Unit 2 commercial power reactor, both of
which are on the Hanford Site and were reviewed by the U.S. Nuclear Regulatory Commission (NRC)
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Table 2.3. Approximate Probability of Exceedance During Selected Time Periods for
Three Ground Motions

Ground Return Annual (EP) in
Motion Period Prob. of (EP) in (EP) in (EP) in (EP) in 10,000

(G) Years Exceed. (p) 50 Years(a) 150 Years 500 Years 1,000 Years Years

1 0 0 0 (b) 10-3(b) 5
0.12 2,500 4 x 10 4  2% 6%(h) 10% 33% 90%
0.25 10,000 104  0.57 1.5% 5%(b) 10% 63%
0.35 18,000 5.6 x 10 0.3%1 0.1% 3% 5%(b) 43%

(a) EP = -(1-p)"
where p = the annual probability of exceedance,

n = the design/performance life, and
EP = the probability of exceedance over the design/performance life.

(b) Entries rpresent DOE guidance for a moderate hazard facility.

(U.S. NRC 1978, 1982). The NRC seismic assessment guidance for a low-level radioactive waste
disposal facility (10 CFR 61) is essentially the same as that for a nuclear power reactor (10 CFR 100), as
both require the application of 10 CFR 100, Appendix A. Therefore, 0.25 G is comparable to the NRC
seismic design criteria requirement for an NRC-licensed, commercial low-level radioactive waste
disposal facility having a performance life of 500 years. Structural analysis and performance assessment
to 0.35 G would provide additional confidence and data for the performance assessment in performance
periods longer than those required by the NRC (i.e., greater than 500 years).

The probability of exceeding the ground motions during several time periods is illustrated in
Table 2.3. The DOE guidance for a moderate hazard facility is shown in the first line of the table. The
table shows that the probability of exceeding 0.25 G in 500 years and 0.35 G in 1,000 years is about 5%,
or comparable to the DOE's guidance for a moderate hazard facility. Extension of the performance
period results in higher probability of exceeding a ground motion. This is illustrated for a 10,000-year
performance period and can be calculated for any length of time as needed.

2.2 Waste Characteristics and Inventory

This section summarizes the general characteristics of waste that will become the waste feed stock
for the Grout Treatment Facility, the various sources of this waste, estimates of the total volume of waste
to be processed, and the average composition of the waste. The estimates of total waste volume and aver-
age composition are based on three types of information. These include 1) analytical data of samples
taken from tanks, 2) estimates or analyses from process streams from the 242-A Evaporator/Crystallizer
and waste transfer history, and 3) estimates from pretreatment flow sheets that describe the expected
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low-level waste streams that will be generated from pretreatment processes for various high-level and
transuranic (TRU) wastes. The uncertainty with each of these three approaches for estimating inventory
increases respectively from direct sampling/analysis, to process and transfer history, to pretreatment esti-

mates. In practice, the 33-vault Grout Disposal Facility will consist of groups of vaults with grouts made
with several different waste streams. Each group requires modified formulations, but specific waste
streams and formulations for the entire Grout Disposal Facility are not yet defined. Consequently, an
average waste composition for the total volume of waste that is expected to be disposed of is used to
determine dose estimates for this performance assessment. This section summarizes the methodology
used to determine the waste inventory and includes a summary of waste inventory. A detailed description
of waste characteristics, including detailed composition tables and uncertainty in standard deviations and
waste sources and calculational methodology, is provided by Hendrickson and Conner (1993) (see
Appendix E).(a)

The use of the average expected waste composition for this analysis differs from the approach used
in regulatory safety analyses, for which a bounding (worst case) inventory was used. The use of different
approaches is justified by the different philosophy and purpose of the documents. The performance
assessment is written to provide an estimate of the long-term impacts of the disposal action. The
regulatory safety documentation is written to provide an upper bound for acute releases and impacts from
postulated accidents during operation of the facility.

2.2.1 Waste Description

The waste to be disposed at the Grout Disposal Facility is a concentrated salt solution produced by
facility operations, laboratories, and decontamination activities in the 100, 200, 300, and 400 Areas of the
Hanford Site. The waste from the operating units is transferred to the double-shell tank system for
interim storage. Some of the waste is concentrated using evaporation to minimize its volume. This per-
formance assessment refers to the potential candidates for grout disposal as double-shell tank waste and to
double-shell tank waste pretreated or adjusted for heat limitations as grout waste feed.

The overall composition for this waste is estimated based on sampling, the historic record of proc-
essing, and future plans for processing of the waste. Waste processing, other than the disposal action
described in this performance assessment, includes waste evaporation, decanting, radioactive isotope
scavenging (e.g., cesium-137 for capsules), and pretreatment operations such as cesium ion exchange and
TRUEX.

(a) A minor change to some of the estimated radionuclide concentrations was recently made
(Hendrickson 1993; Engineering Change Notice 163849) but is not expected to significantly
impact dose calculations. The inventory data in Appendix E was used in this performance
assessment. An updated copy of Appendix E that incorporates the minor change now appears in
Appendix R.
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The following general observations regarding radionuclides, chemicals, and organics in the
expected waste can be made. Additional details regarding waste composition are provided in
Appendix E.

Radionuclides - In terms of activity, the major radionuclides present in the waste are cesium-
137 and strontium-90. Although the isotopic species distribution is broad, 96% of the overall
parent activity of 0.15 Ci/L is ascribed to cesium- 137 (87.3%) and strontium-90 (8.5%). The
major radionuclides of apparent concern for groundwater pathway analyses are iodine- 129
(8 x 10-5% of mean activity), technetium-99 (3 x 10-2% of mean activity), and neptunium-
237 (3 x 104% of mean activity).

* Chemicals - the predominant inorganic cations are aluminum (0.45 M), potassium (0.2 M),
fluoride (0.7 M), and sodium (5.5 M). The predominant inorganic anions are nitrate (2.7 M),
hydroxide (1.1 M), and nitrite (0.5 M). The solution pH is typically about 12. The waste
material has a high total dissolved and suspended solids mean level of approximately 420 g/L
and a mean density of 1,300 g/L.

* Organics - the total organic carbon (TOC) content has a mean value of approximately
4.3 g/L, which is not sufficient to support combustion. The primary organic constituents in

-the waste liquid are the-alkaline forms of citric acid, N-hydroxyethylenediaminetriacetic acid
(HEDTA), hydroxyacetic acid, ethanedioic acid, and ethylenediamine tetra-acetic acid
(EDTA). Each of these is an organic acid, with their mean total comprising approximately
92% by weight of the total organic constituents expected.

2.2.2 Waste Sources and Volumes

Three sources of wastes and the associated processing requirements before grouting the wastes are
schematically illustrated in Figure 2.24. These three sources are 1) the concentrated wastes that must be
blended with dilute wastes before forming the grout slurry, 2) the wastes generated by the evaporator/
crystallizer with a low-level fraction that can be sent directly to the Grout Disposal Facility, and 3) the
various high-level and TRU wastes currently in tanks that will be pretreated to generate a low-level frac-
tion. The low-level fraction will be sent to the Grout Processing Facility, while the high-level and
transuranic (TRU) fraction is vitrified. The components that currently exist, such as concentrated wastes
in tanks, the evaporator,-the Grout Processing Facility, and four vaults, are shown in Figure 2.24 as black
symbols. Open symbols depict components that do not currently exist; these include the pretreatment
facility, pretreated low-level waste tanks, and future grout vaults. The number of open symbols relative
to black symbols is proportional to future waste volumes.

The total volume of wastes to be processed is estimated to be 122 million liters (32.2 x 106 gal).
This volume of materials, described further in the following paragraphs, includes existing concentrated
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Figure 224. Grout Waste Feed Sources and Volumes (106 Gallon Increments)
(Does not show existing vault filled with PSW gout.)

wastes, future concentrated wastes, and the low-level streams from the treatment of neutralized current
acid waste (NCAW), neutralized cladding removal waste (NCRW), Plutonium Finishing Plant (PFP)
waste, and complexed concentrate (CC) waste.

The Hanford Site facilities waste (HFW) includes the wastes generated on the Hanford Site at loca-
tions other than the 200 Area operations. The N Reactor, located in the 100 N Area, produced three
liquid waste streams. One stream, the N Reactor decontamination waste stream, is generated periodically
during cleanup operations. Ion-exchange regeneration waste is produced semicontinuously when back-
flushing the ion exchange resins used to purify the water in the spent-fuel storage basin. The combined
waste streams from decontamination activities ion exchange regeneration are also known as phosphate/
sulfate waste (PSW).
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A third waste stream, the sandfilter backwash waste, was primarily a sludge generated during peri-
odic filter flushing. Other HFW secondary waste streams result from fuel fabrication operations and
laboratory activities from the 300 Area, and miscellaneous wastes from the 400 Area.

Many streams that enter double-shell tanks consist of dilute liquids low in radioactivity. These
streams are so concentrated by Evaporator 242-A such that one additional pass through the evaporator
would increase the sodium aluminate concentration beyond the sodium phase boundary and the stream
would solidify when cooled. Just before reaching this phase boundary, the waste stream from the evapor-
ator is called double-shell slurry feed (DSSF).

When the DSSF is processed through Evaporator 242-A, it is concentrated past the sodium alumi-
nate phase boundary. The hot slurry is pumped to a double-shell tank where it forms solids as it cools.
This waste is called double-shell slurry (DSS).

Concentrated phosphate waste is a blend from different waste sources. Approximately half is phos-
phate waste derived from N Reactor decontamination operations. The remainder is primarily derived
from previous salt well pumping operations (liquids pumped from single-shell tanks). During retrieval,
some liquids may be added to facilitate pumping of this waste.

Cladding remo-v-waste (CRW) results from the dissolution of the N Reactor spent fuel Zircaloy
cladding using the Zirflex process in the PUREX reprocessing plant. Neutralization of this waste causes
most of the zirconium to precipitate as a hydrated oxide, essentially removing all of the actinides and fis-
sion products from the solution. However, sufficient fine plutonium particles are entrained with the pre-
cipitated zirconium that the waste collected in the double-shell tanks is considered to be a TRU waste.
The waste sludge and supematant as stored in the double-shell tanks is known as NCRW.

NCAW is the aqueous high-salt waste from the first-cycle solvent extraction column at the PUREX
plant. NCAW contains TRU elements and fission products. The sludge will be separated from the
NCAW for disposal. Transuranic-reduced supematant liquid will be grouted for disposal.

The PFP aqueous waste originates from the conversion of plutonium nitrate to oxide or metal and
includes TRU laboratory wastes. The PFP waste also includes Plutonium Reclamation Facility (PRF)
waste consisting of high-salt solvent extraction waste and organic wash waste. Supematant wastes from
the PFP will be disposed in grout following separation of solids.

Complexant concentrate waste results from concentration of wastes containing large amounts of
organic complexing agents. These organic compounds were introduced to the waste during strontium
recovery processing in the B Plant.

The volume distribution of the wastes to be grouted is shown in Figure 2.25. Approximately 50%
of the waste feed is to be composed of the low-level streams from pretreatment of high-level and TRU
wastes. Approximately 25% DSSF is attributed to the evaporative product of futum dilute wastes
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Figure 2.25. Waste Source Volume Distribution for Grout Disposal

resulting from facility operations and decontamination. Slightly less than 18% currently exist as concen-
trated wastes in Tanks 106-AN, 101-AW, 105-AP, 104-AN, 105-AN, and 103-AN. These wastes do not
necessarily require pretreatment before disposal. The balance consists of dilute wastes that may be
blended with the concentrated wastes to reduce the radiogemic thermal load on the vault structures.

2.2.3 Expected Waste Composition

A detailed analysis of all waste sources, volumes, and concentrations expected to be received by the
Grout Treatment Facility is given in Hendrickson and Conner (1993) (Appendix E), along with a com-
plete description of the methodology and assumptions used to calculate the total inventory of the waste
that will be contained in all 33 grout vaults. In general, three approaches were taken to arrive at inventory
estimates. For existing wastes that have been sampled and analyzed, the weighted averages of measured
constituents in individual tanks plus correlation factors for those constituents that were not measured in
all tanks were used to calculate concentrations. For evaporator-derived wastes, a volume reduction factor
was used along with concentrations to determine contributions from this source. Also, appropriate
operating records were used to determine transfer history that included waste volumes transferred and
their concentrations. For low-level waste streams that will be generated by future pretreatment, the most
current and complete material balances were used. Flowsheets that were developed based on current
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knowledge of NCAW, NCRW, CC, and PFP wastes and the associated current pretreatment plans were
used to derive low-level waste volumes and concentrations from this source. Specific details on the
methodology used for these calculations are given in Hendrickson and Conner (1993) (see Appendix E).
Specialized methods for estimating concentrations of some critical radionuclides, such as cesium-135 and
americium-241 as well as TRU limitations, are also given in Appendix E. All radionuclide activities are
shown as of October 1, 1993.

These three approaches were combined to yield an inventory concentration estimate to calculate
doses for the various exposure scenarios. The complete inventory is a combination of data appearing in
Tables 4 and 8 of Appendix E and is based on estimates of the following:

* compositions of dilute wastes

* concentrated wastes to be produced in the future

* currently available concentrated feed

* all expected materials subject to pretreatment.

Total feed concentrations for chemicals (in molarity, mol/L) and radionuclides (in pCi/L) are summarized
in Table 2.4. Molecular weight and decay half-life data used in the conversion of molarity (_M and in
transport simulations are also provided. The bulk inventory of each chemical (in kg) and radionuclide (in
Ci) constituent is also presented. Because the inventory was being updated while simulations were being
conducted, there are some discrepancies between the inventory that appears in Appendix E and the inven-
tory actually simulated. These discrepancies are noted in footnotes to Table 2.4. Minor differences in
decay half-life and molecular weight data arising from the use of different data sources by inventory and
geochemistry-transport groups are also noted in the table.

As additional tanks are sampled and analyzed and the waste being disposed of in grout is better
defined, the level of uncertainty in the inventory value will decrease. The total inventory for each radio-
nuclide in Table 2.4 is considered the maximum inventory that can be disposed of in grout under this
performance assessment. If the inventory to be disposed exceeds the Table 2.4 values, the impact on the
performance assessment analyses will be evaluated and the performance assessment revised as required.

Uncertainty in terms of overall standard deviations is discussed in Appendix E (Section 3.4.4), and
analytical error with specific tank sampling programs is shown in specific tank analytical data included in
Appendix E tables.

2.2.4 Waste Classification

Low-level waste is defined in DOE Order 5820.2A as "waste that contains radioactivity and is not
classified as high-level waste, transuranic waste, or spent nuclear fuel or 1 le(2) byproduct material as
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Table 2.4. Waste Components Analyzed in This Performance Assessment

Waste
Component:
Chemicals

Ag

Al

As

B

Ba

Be

Bi

Ca

Cd

Ce

Cr

Cu

Fe

Hg

K

La

Li

Mg

Mn

Mo

Na

Nd

Ni

P

Ph

Sb

Se

Si

Total Feed:
Concentration (M)(a)

6.48 x 10-'

4.48 x 10-1

1.99 x 1O-4

3.37 x 1(r3

8.22 x 10-5

1.78 x 10-3

3.I3 x 10 4

3.87 x 10-3

1.12 x 10-4

1.44 x 10-4

1.18 x 10-2

2.79 x 10-4

1.01 x 10- 2

5.49 x 10-6

2.00 x 10-1

1.15 x ()4

6.81 x 10-5

2.83 x 1)-3

3.66 x 10-3

6.40 x o4

5.50

1.20 x 10-4

1.26 x 103

4.98 x 10-2

3.27 x 10-4

6.86 x 10-4

3.95 x ()4

6.08 x 10-3

Total
Inventory:

(kg)(b)

8.53 x 102

1.47 x 106

1.82 x 103

4.44 x 103

1.38 x 103

1.96 x 10 3

7.98 x 103

1.89 x )4o

1.54 x 103

2.46 x 103

7.49 x io 4

2.16 x 103

6.88 x 104

1.34 x 102

9.54 x 105

1.95 x 103

5.77 x 10'

8.39 x 10 3

2.45 x 104

7.49 x 103

1.54 x 107

2.11 x 103

9.02 x 103

1.88 x 105

8.27 x 103

1.02 x 104

3.81 x 10 3

2.08 x 104

Molecular Weight
(g/mol)

107.868

26.9815

74.9216

10.81

137.33

9.0122

208.98

40.08

112.41

140.12

51.996

63.546

55.847

200.59

39.0983

138.906

6.941

24.305

54.938

95.94

22.9898

144.24

58.70

30.9738

207.2

121.75

78.96

28.0855
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Table 2.4. (contd)

Waste
Component:
Chemicals

2.74

5.04 x 10-'

3.07 x 10-2

1.15

Waste
Component:

Radionuclides

3H

60Co

63Ni

9 0Sr

9 5Zr

Total Feed:
Concentration

(pCi/L)(c)

5.07

2.00

2.73 x 101

1.19 x 102

3.0

1.29 x 104

1.73 x 103

Total Feed:
Concentration (M)(a)

1.36 x 10-5

9.55 x 105

3.14 x 104

1.13 x 10-3

1.03 x 10-3

2.56 x 10-2

4.01 x 10-4

1.21 x 10-2

1.11 x -1

8.48 x 10-2

7.14 x 10-1

7.16 x 10-2

Total
Inventory

(Ci)(d)

6.19 x 102

2.44 x 102

3.33 x 10 3

1.45 x 104

3.66 x 102

1.57 x 106

2.11 x 105

Total
Inventory:

(kg)(b)

3.OX x 102

5.58 x 102

1.95 x 10'

2.53 x 104

8.22 x 10 3

2.85 x 105

1.27 x 10'

2.51 x 104

8.13 x 105

3.67 x 10'

1.65 x 106

8.39 x 10'

2.07 x 107

2.83 x 106

3.56 x 10'

2.39 x 106

Half-Life (years)(')

12.3

5730

5.27

100

6.5 x 104

29.1*
(28.5)

0.1752
(64 day)

September 1994

Molecular Weight
(g/mol)

180.948

47.90

50.9415

183.85

65.38

91.22

26.0177

17.0304

60.0092

35.453

18.9984

96.0576

62.0049

46.0055

94.9714

17.0073

Ta

Ti

V

W

Zn

Zr

CN-

NH31
CO3- 2

Cl-

F-

SO- 2

NO 3 -

NO2

P0 4 -3

0H-

2.53
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Table 2.4. (contd)

Total Feed:
Concentration

(PCi/L)(C)

1.30 x 10-3
1.78 x 10'

5.17 x 10'

1.29 x 102

1.84x 10'

1.78 x 102

5.41 x 102

9.1

1.2 x 10-'

3.19 x 102

0.69

1.32 x it) 5

1.55 x i0 3

4.08

1.49 x jg2

1.67 x 1o2

3.0 x 10-6

2.4 x 10-3

3.37 x 10-'

1.97 x 10 2

7.94 x 10-2

4.39 x 10-1

1.59 x 10-1

230Th

234U

2 35 U
238U

237Np

23PU

TotalWaste
Component:

Radionuclides

94Nb

95Nb

Inventory
(Ci)(d)

1.59 x 101

2.17 x 10'

6.31 x 10 3

1.57 x 104

2.24 x 1'

2.17 x 104

6.60 x 104

1.11 x io3

1.46 x 10'

3.89 x 104

8.42 x 101

1.61 x 107

1.89 x 105

4.98 x 102

1.82 x 04

2.04 x 1 4

3.66 x 10-4

2.93 x 10-'

4.11 x 101

2.40

9.69

5.36 x 101

1.94 x 10'

8.59*
(8.8)

4.71*
(4.96)

1600

7.54 x 104

2.454 x 105

7.037 x 10'

4.468 x 10'

2.140 x 106

87.7

September 1994

Half-Life (years)(')

2.00 x 104

0.17520
(64 day)

2.13 x 105

0.1076
(39 day)

1.020

0.31485
(115 day)

2.73

1.0x 105

1.57 x 107

2.07

2.3 x 106*
(3.0 x 106)

30.2

0.7803
(285 day)

13.5*(e)

106RI (h)

113Sn

1291

134CS

44CeP/h)

155 Eu

2.54
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Table 2.4. (contd)

Waste Total Feed: Total
Component: Concentration Inventory

Radionuclides (pCi/L)(c) (Ci)(d) Half-Life (years)(e)

239/24OpUi) 2.59 3.16 x 102 2.41 x 104
241Pu 8.90 1.09 x 103 14.4
242Pu 1.57 x 10-5 1.92 x 10-3 3.75 x 105*

(3.763 x 10')
241 Am 2.33 x 101 2.84 x 103 . 433
243Cm 4.14 x 10-2 5.05 29.1*

(28.5)
244Cm 5.28 x 10-2 6.44 18.1

(a) Total feed values are as they appear in Appendix E. (from Hendrickson and Conner 1993).
(b) Total inventory in kilograms of chemical was generated by multiplying total feed concentration

by waste volume (1.220 x 108 L) and by molecular weight, and then converting from grams to
kilograms.

(c) Total feed values are as they appear in Appendix E (from Hendrickson and Conner 1993).
Inventory estimates of some radionuclides changed by less than 2% between the start and end
of modeling due to correction of rounding errors in the inventory estimation. The inventory of
europium-152 changed significantly but is negligible in all cases due to its short half-life. In all
cases, the final inventory used in the central compliance case is shown.

(d) Total inventory in curies of radionuclide was generated by multiplying total feed concentration
by waste volume (1.220 x l0 L) and converting pCi to Ci units.

(e) Half life values used in the transport simulations are from Browne, Firestone, and Shirley
(1986). Half-lives marked with an asterisk are from Walker, Parrington, and Feiner (1989).
The Walker et al. half-lives superseded the Browne et al. values for simulation of the central
compliance case. Other compliance cases and sensitivity cases used the Browne et al. half-life
value provided in parenthesis. The Walker et al. values are used in Appendix E. A correction
to the europium-152 half-life from 1.6 years to 13.5 years was made after initial simulations
had been perforned.
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Table 2.4. (contd)

Waste Total Feed: Total
Component: Concentration Inventory

Radionuclides (PCi/L)(C) (Ci)(d) Half-Life (years)(')

(f) Niobium-95 is modeled with the halflife of its parent, zirconium-95, so it is not decayed away
too rapidly; Browne, Firestone, and Shirley (1986) show a decay half life of 3.61 days for

niobium-95 and Walker, Parrington, and Feiner (1989) show a value of 35 days.

(g) Europium- 152 half life shown, 1.600 years, is for a metastable state; Browne, Firestone, and

Shirley (1986) show a value of 13.33 years for the more stable state, and Walker, Parrington,
and Feiner (1989) show a value of 13.5 years.

(h) Radionuclide pairs are in secular equilibrium. Activity shown is total for the parent. Halflife is

shown for parent only.
(i) The radionuclide pair 39/240pu is difficult to distinguish and, therefore, is shown as a lumped

pair. The activity shown is total for the pair. The half life is for 239p, the isotope with the
longer half life.

defined by this Order." High-level waste is defined as "the highly radioactive waste material that results
from the reprocessing of spent nuclear fuel, including liquid waste produced directly in reprocessing and
any solid waste derived from the liquid, that contains a combination of transuranic waste and fission pro-
ducts in concentrations requiring permanent isolation." Transuranic waste is defined as "without regard
to source or form, waste that is contaminated with alpha-emitting transuranium radionuclides with half-
lives greater than 20 years and containing greater than 100 nCi/g at the time of assay. From the perspec-
tive of radionuclide concentration, the low-level wastes to be grouted would be classified as Class C
waste under criteria established by the NRC for commercial wastes (10 CFR 61). If the cesium- 137 were
removed, the waste would be designated as a Class B waste because of strontium-90 concentrations. All
other radionuclides are at concentrations below Class A limits.

The Grout Disposal Facility has been designed to meet RCRA requirements for surface impound-
ments and landfills because of the chemical nature of the wastes to be disposed in the subsurface vaults.
The waste is characteristically corrosive because of its hydroxide concentration. The hydroxide concen-
tration is high enough to cause the pH to exceed the corrosivity limit of 12.5; therefore, the waste is
classified as corrosive by the criteria of WAC 173-303-090(6). It is also characterized as TCLP (toxic
characteristic leach procedure) toxic because of its concentrations of chromium, lead, cadmium, and sil-
ver. The concentrations of these materials exceed the designation limits of 40 CFR 261, Appendix II, for
TCLP toxicity. In addition, the waste is characterized as toxic because of the high concentrations of
nitrite and hydroxide ion.
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2.3 Waste Feed Characterization

All waste feed materials will be characterized to ensure they meet all requirements for processing in
the Grout Treatment Facility and will produce a grout waste form that is acceptable in grout formulation
criteria. Waste determined to be unacceptable will be returned for additional processing or treatment.
This section discusses the waste types that will be processed, the objectives for feed characterization, the
sampling strategy for characterizing the waste feed for a grout campaign, and the specific activities to
characterize the waste feed in a double-shell tank.

2.3.1 Waste Sources

As described earlier, the waste to be processed at the Grout Treatment Facility originated from vari-

ous operating units across the ianford Site. The grout waste feeds include DSSF, phosphate-sulfate
waste (PSW), and the low-level waste fraction resulting from pretreatment of the Hanford Site high-level
and TRU wastes. The contents of each double-shell tank are expected to be different from other tanks
even though they contain the same type of waste, such as DSSF. The waste will be processed directly at
the Grout Treatment Facility or, if the radiogenic heat loading is too high, dilute waste or water will be
added before grouting.

2.3.2 Objectives for Feed Characterization

Feed charactejization-is conducted to determine if a batch of waste is acceptable for processing at
the Grout Treatment Facility and for disposal in grout vaults. Feed acceptance criteria include the
following.

* The waste composition must fall within the envelope for which an acceptable grout formula-
tion exists.

* The waste must not generate so much radiogenic heat that the waste form temperature
exceeds limits established by laboratory testing.

* The grouted radioactive waste must be within the Class C limits for low-level waste identi-
fied in low-level waste 10 CFR 61.

* The "characteristic" and "listed" constituents in the grouted waste must be shown to comply
directly with land disposal restriction requirements of RCRA.

2.3.3 Overall Sampling Strategy

Two 1,000,000-gal, underground, double-shell tanks (Tanks 102-AP and 104-AP) have been desig-
nated as waste feed tanks for the Grout Treatment Facility. Before operations begin, these tanks will be
equipped with mixer pumps to assure that the waste contents will be well agitated.
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Before its transfer to a feed tank, the low-level mixed waste in a "candidate" tank is sampled and

characterized. The data are used for feed formulation testing and assuring that the waste to be transferred

would most likely be acceptable for grouting. Also, if the data indicate that the heat generation rate of the

waste might be too high, thus requiring blending with dilute waste or water, a blending factor is cal-

culated based on the radioactivity of the waste. If blending is required, the dilute waste is also character-
ized before its transfer to a feed tank.

The candidate waste, and any added dilute waste or water, is transferred to the feed tank. The con-

tents are then agitated using the mixer pump. The waste is then sampled and the samples sent to a labora-

tory for analysis. The results of the feed tank characterization and testing are transmitted to the State of

Washington Department of Ecology for review and the U.S. Environmental Protection Agency (U.S.
EPA) and the NRC for information. Figure 2.26 depicts the overall sampling approach.

2.3.4 Characterization of a Feed Tank

Characterization of a 1,000,000-gal double-shell tank containing grout waste feed involves taking

samples, analyzing the samples, preparing a data package, and reporting the data.

2.3.4.1 Sampling

Subsequent to transferring waste material into a waste feed tank, the tank is administratively iso-
lated to prevent inadvertent transfer of material into the tank. This isolation process allows the tank to be
sampled and completely characterized on a batch basis before starting a grout campaign.

Candidate Blend Preliminary
Tank Tank Sampling

Feed Tank
102-AP Record

104-AP Sampling

Ecology Review
EPA/NRC

Information 

ocTo Grout Process
59211085.11

Figure 2.26. Overall Waste Feed Sampling Strategy
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The mixer is used to agitate the contents of the tank. Furthermore, a sampling scheme, developed
according to the guidance contained in the EPA's SW-846 manual (U.S. EPA 1986), allows accurate
determination of the waste characteristics even if the waste is nonhomogeneous. As each new batch of
material is received in a feed tank, a new sampling plan is prepared to eliminate any sampling bias from
one tank to the next.

2.3.4.2 Analysis

The samples are analyzed for radionuclides and for organic and inorganic chemicals. Organic and
inorganic analyses are conducted according to the EPA SW-846 procedures whenever possible. Some
deviations in the sample preparation and analysis procedures are expected because the samples are
radioactive.

The analytical laboratories have approved analytical procedures for most of the common radio-
nuclides measured for waste characterization. The radiochemicals to be analyzed include tritium,
carbon- 14, technetium-99, strontium-90, niobium-94, cesium- 137, iodine- 129, plutonium, uranium,
curium-242/244, neptunium-237, selenium-79, cobalt-60, americium-241, and ruthenium-106. Hazard-
ous metals (i.e., arsenic, barium, cadmium, lead, mercury, selenium, and silver) and other inorganic con-
-stituentsthat mayaffect feed processability or product integrity (i.e., sodium, phosphate, sulfate, nitrate,
and ammonia) are analyzed mainly through the use of the inductively couple plasma spectrophotometry
and ion chromatography.

2.3.5 Characterization of a Candidate Tank

As discussed previously, the contents of a candidate tank are characterized to obtain preliminary
information regarding feed acceptability. For this reason, the extent of characterization of a candidate
tank is less than that performed for a feed tank. The sampling and analytical methods are basically the
same; the exception is that fewer samples may be taken. Also, a complete data package and full valida-
tion are not required.

2.3.6 Waste Characterization Summary

All waste feed materials and candidate materials are characterized for chemical and radiological
constituents to ensure they meet feed acceptance criteria for grout processing and waste form quality.
Preliminary characterization is performed on candidate tanks after agitation with mixer pumps to obtain
representative samples of tank contents. The preliminary data is used to determine if diluting or other
processing is required before transfer to the grout waste feed tank. Feed tank contents are sampled and
analyzed and the-esults reviewed by Ecology before grouting. Thus, several check points exist to ensure
that an acceptable grout waste form with a known waste inventory will be placed in the vaults.
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2.4 Characteristics of Grout

This section describes the grout waste iorm, the grout processing and placement operations, and the
Grout Disposal Facility. The role of cementitious components in grout is discussed, along with formula-
tion approaches, because waste feed composition will vary from tank to tank and the grout formulation
will be tailored for each waste type. All formulations will include some or all of the same cementitious
components, but these will be used in different proportions to meet performance and operational criteria
for grouts made with specific waste types. In addition, all formulations must meet minimum criteria for
acceptance that will be verified by extensive testing before placement. All 33 vaults will be filled with
similar grouts, but by adjusting the formulation for each waste feed, minimum acceptance criteria (see
Section 2.4.2) will be met or exceeded. A summary of waste containment mechanisms in grout is pro-
vided along with source term concepts that will be used for flow and transport modeling.

2.4.1 Components of Grout

Grout is prepared by mixing aqueousJow-level waste withLaprehlended mixture of dry cementi-
tious materials that react with the waste solution to produce a solid waste form. While specific waste
streams will vary in composition, all will be characterized by high nitrate, hydroxide, and sodium concen-
trations. The slurry formed by mixing dry blend materials with the waste cures to form a solid product as
a result of hydration reactions between the cementitious components of the dry blend and the aqueous
fraction of the waste. The dry blend components are type 1-11 portland cement, class-F fly ash, ground
blast furnace slag, attapulgite-150 drilling clay, and Indian red pottery clay (an illitic clay), but these are
not necessarily all used together in a specific grout formulation. A separate formulation will be devel-
oped for each waste feed to meet processing requirements and product characteristics such as long-term
leachability and waste form stability. The following paragraphs describe the dry blend components and
their function in the formulation.

2.4.1.1 Portland Cement

This material is a hydraulic cement composed dominantly of calcium silicates and calcium alumi-
nates which react directly with water through hydration reactions to form both crystalline and amorphous
hydration products. The hydration products provide the adhesive characteristics of cement that lead to
desirable mechanical properties of hydrated cement-bearing materials. The portland cement used in the
Hanford Site grout formulations is composed primarily of tricalcium silicate, Ca3SiO5 (55%); dicalcium
silicate, Ca2SiO 4 (22%); calcium aluminoferrite, Ca4Al2Fe2 10 O (16%); and tricalcium aluminate,
Ca3 A120 6 (1%). Generalized reactions commonly used to express the hydration reactions of these mate-
rials usually are given as follows with the understanding that detailed specific reactions can be more
complicated (Lea 1971).

2(Ca3SiO5 ) + 6H 20 = Ca3Si 20 7 - 3H 20 + 3Ca(OH) 2 (2.1)
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2(Ca2 SiO 4 ) + 4H20 = Ca 3 Si20 7 - 3H20 + Ca(OH) 2  (2.2)

In both cases, a hydrated calcium silicate with a lower Ca/Si ratio than the unhydrated material is formed
along with calcium hydroxide. The calcium hydroxide generally accounts for the high pH in cement
fluids and is also available for further reactions with other silica sources to form additional hydrated
calcium silicates and to react with calcium aluminates according to the following possible expressions:

Ca 4 Al 2Fe2O10 + 4Ca(OH) 2 + 22H20 = CaAl2Fe2 0 1 4 - 26H20 (2.3)

Ca3 A120 6 + Ca(OH)2 + 12HO = Ca4A120 7 - 13H 20 (2.4)

Hydraulic cement is the most reactive material in the dry blend and is required to initiate some of the
hydration reactions of the other dry blend components. Typically, the reaction rate of cements is con-
trolled by particle size or additives. The heat generated by calcium silicate reactions is generally above
100 cal/g for tricalcium silicates and about half that value for dicalcium silicates.

2.4.1.2 Blast Furnace Slag

This class of materials is sometimes referred to as latent hydraulic cements because they require
activation to undergo hydration reactions. Once activated, these materials can react with water. Blast fur-
nace slag is generally higher than portland cement in the oxides of aluminum, silica, and iron relative to
those of calcium, magnesium, and sodium. Activation can be accomplished by many compounds if the
compounds increase the pH of the aqueous phase in contact with the slag. Thus, sodium and calcium
hydroxides are good activator. Both the portland cement and the waste solution itself can be activators
for blast furnace slag in grouts because they yield calcium and sodium hydroxides, respectively. These
materials increase the solubility of the silica-rich glass portion of the slag, promoting reactivity. Thus, the
rate of slag reaction is dependent on its glass content. Good blast furnace slags generally have glass con-
tents in the 85% to 90% range or higher. The heat of hydration generated by blast furnace slag is gener-
'.11y mes 4-hon tha.t fror p'nrtlnd ,-emen..t.

2.4.13 Fly Ash

This material is a pozzolanic material and is not hydraulic by itself (It does not react with water by
itself but will react with a dissolved hydroxide.) It will react with calcium hydroxide to form calcium sili-
cate hydrates, which are the primary binder phases in silicate-based cements. Fly ash provides a source of
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silica for the calcium hydroxides generated from the hydration of calcium silicates in portland cement as

described above. A generalized reaction can be written as follows:

SiO 2 + 1.7Ca(OH) 2 + excess H2 0 = .7CaO - SiO 2 - 41-120 (2.5)

where the calcium-to-silica ratio in the calcium silicate hydrate can vary from about 0.83 to 1.7, depend-
ing on the relative amounts of reaction and extent of reaction.

The reactivity of pozzolans depends primarily on the amount of finely divided amorphous silica
present. The composition and thus the reactivity of fly ash depends to a large extent on the type of coal
the fly ash was derived from. Class F fly ash used in the grout formulations is typically that formed from

the combustion of bituminous coal. The presence of pozzolans in cementitious blends tends to reduce
permeability and produce a more durable product than with portland cement alone.

2.4.1.4 Clay

The clays used in grout formulations primarily function as suspending agents to support processing
requirements by inhibiting separation of slurry constituents during pumping. The two clays used are atta-
pulgite and Indian red pottery clay, an illitic clay. The illitic clay has a higher cation exchange capacity
(10-40 meq/100 g) than attapulgite (3-15 meq/100 g) and can function secondarily as a sorbent for some
ionic waste constituents such as cesium. Attapulgite has very little sorption capability. The idealized
structural formula for attapulgite is (OH 2)4 (OH) 2 Mg5 Si8 O 2 0 -4H20 with a structure based on double
silica tetrahedral chains that results in a fibrous texture. Illitic clays can be considered as poorly crystal-

lized micas and can be represented by the muscovite mica structural formula (OH)4 K2 (Si 6 - Al2)Al40 2 0
with a slightly higher Si/Al ratio and lower K content than micas. As a result, natural illite particles tend
to be small, on the order of I to 2 pm or less (Grim 1968).

2.4.2 Grout Formulation

The general requirements for grout formulation are based on three categories of criteria: 1) regula-
tory requirements--those required for local, state, and federal technical and environmental regulations and
recommendations; 2) process requirements--those required to safely and economically process and place
grout within the vault; and 3) other requirements--those required to produce a better product or to
improve processing. These criteria are described in detail in Riebling and Fadeff (1991).

A specific grout formulation using some or all of the above dry materials will be developed for
each type of waste stream to be grouted. Regardless of the specific formulation, the dry blend compo-
nents and proportions selected to produce the grout slurry must meet both processing and product require-
ments (Riebling and Fadeff 1991). The processing requirements include limits on slurry critical flow
rates, cure times, the amount of free-standing liquids developed, and the heat generated during curing.
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Product formulation requirements include 28-day compressive strength determinations, leach index

limits, TCLP toxicity limits, volume changes, and time-temperature effects on microstructural stability.
The amount and type of dry materials along with waste loading can be adjusted for each waste stream to
meet these requirements. The selected formulation is then evaluated and verified by both laboratory- and

pilot-scale tests before adoption for a given waste stream type. Table 2.5 lists the composition of the dry
blend materials. These materials influence the bulk composition of grout and the pore fluid chemistry.

In addition to the influence of dry blend mixture proportions and waste loading, curing conditions
also have a strong influence on grout product properties such as compressive strength and leachability.
Long curing times at elevated temperatures result in undesirable strength and leach index properties for
grouts formed with most high-nitrate waste streams. This apparently occurs because the higher tem-
perature microstructure can lead to coarser grain size, larger average pore size distribution, and salt pre-
cipitation. Curing temperatures are thus partly controlled by using more pozzolanic materials in the
formulation instead of portland cement and limiting the total aluminum content. In addition, restrictions
are placed on storage time (usually a few days) for dry blend mixtures, particularly those containing clay
minerals with relatively high amounts of adsorbed and pore water that can react with hydraulic cements.
In practice, the dry materials are blended with waste immediately before mixing to form the grout slurry.
Some examples of grout formulations and waste loading used for Hanford Site grouts are given in
Table 2.6. Because of variations in specific grout formulations and unknown formulations for future
waste streams, grout properties used in this performance assessment will be based on the criteria

Table 2.5. Compositions of Representative Grout Dry Blend Materials, Wt%

Indian Red
Portland Fly Ash Pottery Clay

Oxide Cement Class F Slag Attapulgite (Illite)

A12 0 3  2.96 23.94 13.4 8.70 19.40
B203 0.06 0.45
BaO 0.09 0.16 0.12 0.02 0.06
CaO 63.20 8.04 43.4 5.30 0.68
Fe2O3  4.61 6.20 0.38 2.80 6.50
K20 0.60 0.60 0.89 0.80 3.30
MgO 0.43 1.80 5.62 9.00 1.26
Na20 0.32 3.02 0.40 0.10 0.15
P20 5  0.70 0.80
SiO 2  23.00 50.80 33.3 53.00 61.00
5O3 3.32 0.33
SrO 0.04 0.28 0.08 0.37 1.10
TiO 2  0.23 3.67 1.08 0.37 1.10

Total 98.86 100.19 99.69 81.26 94.55
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Table 2.6. Representative Grout Formulations

DSSF
Phosphate/ DSSF(a) (Current

Dry Blend Materials Sulfate Waste (Alternate) Formulation)

Portland Cement 41 6 20.7
Fly Ash 40 47 68.3
Slag 47
Limestone Flour
Attapulgite I 1 11
Indian Red Pottery Clay 8
Dry Blend/Waste Mix Ratio 7-7.5 lb/gal 8-9 lb/gal 8.4 lb/gal

(a) Double-Shell Slurry Feed.

described in the Grout Formulation Standard Criteria Document (Riebling and Fadeff 1991). This
document specifies limiting properties applicable to all grout formulations. Table 2.7 lists some of these
criteria.

Table 2.7. Partial List of Grout Formulation Criteria (after Riebling and Fadeff 1991)

Leachability Index >6.0 for total nitrogen

Toxicity TCLP on 28-day cure samples must meet WAC 173-303
specifications for eight toxic metals.

Free-Standing Liquid <0.5% by volume at cure

Unconfined Compressive Strength >500 lhf/in.2

Temperature Rise Maximum adiabatic heat of hydration temperature <900C.

Slurry Cure Time Slurry must cure and solidify within 28 days.

Time-Temperature Effects Exhibit microstructural stability beyond initial cure period as
reflected by compressive strength and leachability.

Immersion No evidence of cracking, spalling, or bulk disintegration after
immersion in water for a minimum 90-day period.

Expansion/Contraction No expansion/contraction after initial cure.
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Test results for nitrate leachability and compressive strength for both laboratory-prepared and pilot-

plant core samples using the current grout formulation are given in Table 2.8. The results are indicative

of the properties expected in the first campaign of grout pouring for the first four vaults. The lower leach

indices for the pilot-scale cores are most likely related to an increase in surface area available for leaching
caused by air entrainment in the pilot-scale grout. The viscosity of the grout entering the pilot-scale mold

was substantially higher than in laboratory-prepared samples because of shear thickening that occurred

during pumping. For comparison, the leach index used in the performance assessment is 6.0.

2.4.3 Grout Waste Containment and Source Term Concepts

Before being mixed with dry blend materials, waste streams typically contain about 25 wt% to

27 wt% salts. A small degree of salt concentration occurs because of water consumed in hydration reac-

tions with the dry blend. The amount of hydration water can be approximated if it is assumed that none

of the nitrate is lost from the liquid waste during the hydration process. Beginning with a synthetic DSSF

waste containing 185 g/L nitrate, Lokken et al. (1992) extracted pore fluids from grouts made with the
DSSF 47,47,6 formulation (Table 2.6) that were cured between 65*C and 95*C for up to 6 months. After

6 months, pore fluids obtained with a punch and die apparatus averaged about 200 g/L nitrate. This sug-

gests that about 8% to 10% of the water is used in hydration reactions.

The waste-to-dry blend mix ratio is sufficient to expect that the pores in the solidified grout are

volumetrically saturated with fluid plus salts. Only the more soluble salts and contaminants are expected

to be primarily in the pore fluids. Other contaminants can be incorporated in hydration products as solid
solution components or interstitial compounds. Also, contaminants may precipitate directly as oxides,
hydroxides, silicates, sulfates, etc. Contaminants whose concentrations in the pore fluid are solubility
controlled or otherwise retarded by reaction with hydration products will be released at a slower rate than

more soluble components. While pore fluid compositions are not evaluated directly in this performance

Table 2.8. Nitrate Leachability and Compressive Strength for Laboratory-Prepared and
Pilot-Scale 106-AN Grout Samples (Lokken et al. 1993)

Nitrate Leach Index(a) Compressive Strength, psi
Lab Samples Pilot Scale Lab Samples Pilot Scale

Mean 7.18 6.37 1235 899
Std. Dev. 0.22 0.16 373 203
Min 6.82 5.99 712 602
Max 7.55 6.61 1992 1438

(a) The leach index is defined as -log10 of the effective diffusion coefficient
expressed in cm2/s, with the concentration driving force defined in the bulk grout.
A value of 6.0 is used in this performance assessment.
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assessment, differences in release behavior for individual species are determined experimentally through
ANS 16.1 leach tests. Effective ionic diffusivities determined from leach tests on bulk grout samples are
based on initial waste loading inventories and implicitly include retardation mechanisms such as precipi-
tation and sorption. As will be discussed in more detail in Chapter 3, specific groups of radionuclides and
chemical species are assigned grout retardation factors based on these experimentally determined effec-
tive ionic diffusivities. Contaminant release is then considered to occur by advective flow through porous
grout, with effective diffusivities from grout controlling concentrations in the flowing water. The experi-
mental effective ionic diffusivities determined on bulk samples are corrected for the volume fraction of
pores in the grout, as will be discussed in Chapter 3.

2.4.4 Grout Waste Form Summary

Specific grout formulations will be tailored for individual feed compositions, but all formulations
will contain the same cementitious components and must meet minimum acceptance criteria before place-
ment. For convenience and conservativeness, grout properties used in this performance assessment will
be based on these minimum criteria. It is assumed that the waste inventory contained in grout ultimately
will be released by advection, but relative release rates will be based on retardation factors determined by
experimental release rate results from ANS 16.1 leach tests.

2.5 Waste Treatment and Disposal: Waste Form Processing

This section summarizes the processing subsystems that compose the Grout Treatment Facility
where liquid waste materials are combined with cementitious dry blend materials to form the grout slurry
to be pumped into underground vaults. These components include the Dry Materials Facility, the Feed
Transfer System, the Grout Processing Facility, and the Grout Disposal Facility. The Grout Processing
Facility and four vaults under construction are shown in Figure 2.27; a schematic of the Grout Treatment
Facility components is shown in Figure 2.28.

The Dry Materials Facility, which is centrally located in the 200 East Area of the Hanford Site,
receives dry cementitious materials by truck or rail car for storage and subsequent blending. The blend
proportions are established as a specific grout formulation for a specific waste feed through the grout for-
mulation process described in Section 2.4.2. After testing for proper proportions, the dry material blend
is trucked to the Grout Processing Facility and loaded into a storage bin.

The Feed Transfer System is composed of two designated double-shell tanks located in the
200 East Area AP Tank Farm and the underground encased transfer line to the Grout Processing Facility.
Each tank has a capacity of 4,126 m3 (1,090,000 gal) and includes a pump for mixing and transferring the
wastes. After mixing, samples are withdrawn from the tank for confirmatory chemical and radiochemical
analyses and to verify acceptable grout processing and product properties by preparing hot grout samples.
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Figure 2.27. Aerial View of the Grout Treatment Facility Location
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Figure 2.28. Grout Treatment Facility

The Grout Processing Facility, which is the primary element of the Grout Treatment Facility,
includes the control room for the remote processing operation and the below-grade, isolated, covered
mixer module. Waste feed from one of the two feed tanks is transferred to the mixer module via an
underground encased line. In the mixer module, the waste is mixed with dry blend materials to form a
grout slurry. The slurry is pumped through underground encased lines to the Grout Disposal Facility
vault(s), where it cures to form a solidified grout monolith.

The Grout Disposal Facility is composed of large underground near-surface, steel-reinforced,
asphalt-lined concrete vaults with an approximate volume of 6,000 Tn 3 (1,585,000 gal). Major compo-
nents of the disposal system include the vaults and catch basin, asphalt barrier, RCRA cover, and a per-
manent isolation barrier. Details of these components of the disposal facility are described in Section 2.6.
Figure 2.29 shows the vault layout and proposed filling schedule. Although 44 vaults are shown in the
plan, only 33 of these are expected to be filled on the basis of current waste volume projections. The
Grout Disposal Facility also includes associated grout slurry transfer lines; excess water return lines; a
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portable instrument house for sensing grout temperature, grout level, and sound transmission properties;
and a vault exhauster for maintaining negative vault pressure and for cooling grout during vault fill and
cure operations.

2.6 Grout Disposal Facility

This section describes the engineered components of the grout vault system, including the vault
structure and associated barrier systems to be placed above the vaults. Descriptions of the steel-
reinforced concrete vaults and catch basins are included along with the asphalt barrier which surrounds
the concrete vault and the RCRA cover, which will cover all vaults in the Grout Disposal Facility. Spe-
cific hydraulic properties needed for flow and transport modeling of the system's engineered components
are discussed in Chapter 3.

2.6.1 Concrete Vault and Catch Basin

Thirty-three vaults are required to dispose of waste currently identified for processing by the Grout
Treatment Facility. Figures 2.30 and 2.31 show the conceptual design of the vaults that will receive the
grouted waste. Internally, each vault will be 37.6-m long, 15 4-m wide, and 10.4-m deep (123.5 x 50.5 x
34 ft). The total capacity of the vault, full to the top, is 6.0 million liters (1.59 million gallons), which
includes both the grouted waste and a 1.2-m (4-ft) thick grout "cold cap" of grout without waste. The
vault walls and floor are constructed of cast-in-place reinforced concrete and the roof is composed of pre-
cast cover panels. The vaults are designed to withstand both the surcharge loading of the earth backfill
and the hydrostatic loading from the grout slurry. The vaults are designed to withstand an earthquake
with a 0.25 G horizontal and 0.17 G vertical acceleration (U.S. DOE 1990b, Section 2.4.2). The concrete
mix design includes a slag component, which improves long-term durability with a low water/cement
ratio, improving strength. The minimum compressive strength of this mix is 4,500 lb/m 2 (31.03 Pa).
Wall thickness ranges from 0.30 m (I ft) at the top to 1.07 m (3.5 ft) at the bottom. Steel water stops are
installed between pour sections of the vault.

The roof of the vault is made of 31 precast, prestressed concrete cover blocks (panels) laid across
the width of the vault. Each panel is 1.22-m (4-ft) wide, 16.0-m (52.5-ft) long, and 0.66-m (2.2-ft) thick.
Gaps between adjacent panels are filled with a cement grout and the panels are topped with a concrete
layer that slopes from 20.3-cm (8-in.) thick at the center of the vault to 5.1-cm (2-in.) thick at the edge.

Each vault will contain up to 5.3 million liters (1.4 million gallons) of grouted waste, corresponding
to a fill level of 9.1 m (30 ft). The contents of one grout feed tank--3.78 million liters (one million
gallons) of waste--will result in 4.9 to 5.3 million liters of grout. Following a minimum 30'day curing
period, any liquid on the grout surface will he removed and returned to the waste tanks for grouting later.
The remaining void space in the vault will be filled with a nonradioactive "grout cap." The cold cap pro-
vides additional support to the cover to prevent subsidence.
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Figure 2.31. Grout Disposal Facility--Closed Vault Pair

The vaults are designed to meet RCRA requirements for double containment. The primary contain-
ment is the vaults and a 1.32-mm-(52-mil)-thick, asphalt-based sealant applied to the interior walls and
floor of the vaults. Near the top of the walls, the thickness is increased to 1.9 nun (75 mil) to increase the
crack-spanning ability of the sealant. The sealant is composed of an asphalt/naphtha mixture combined
with polyisocyanate. The mixture forms an elastic, rubbery coating on the vault surfaces. The vault/liner
system is tested for leaks before use, and any leaks are repaired. Therefore, the chances for leakage are
low when the vault is filled with grout slurry and as the grout cures.

The secondary containment is provided by a catch basin beneath the vaults. The catch basin is con-
structed of reinforced concrete. Its major components are concrete with a minimum compressive strength
of 31.0 MPa (4,500 lb in. 2 ), Grade 60 reinforcing steel with a yield strength of 414 MPa (60,000 16 M2),
and ASTM A 36 (ASTM 1987) steel-plate water stops. The catch basin is lined with a 60-mil-thick high-
density polyethylene (HDPE) flexible membrane liner that meets RCRA requirements.

To provide a drainage path and to support the weight of the vaults, the catch basin is filled with a
washed small gravel to a thickness of 0.30 m (1 ft) near the edges and 1.2 m (4 ft) at the low point in the
trough in the middle of the catch basin. A geotextile is laid over the gravel to prevent seepage of concrete
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into the gravel during construction of the vault floor. A perforated steel collection pipe runs through the

catch basin trough to a sump. The exterior walls of the vaults are surrounded by an HDPE drainage net

and curtain. Insulation board is placed between the HDPE and the asphalt barrier described below.

Should a leak occur in a vault, the leaking fluid would be directed by the HDPE drainage net to the catch

basin and into the sump. The liquid level in the leachate collection system will be monitored for a mini-

mum of 30 years after the vaults are filled, and any liquid collected will be removed for processing.

2.6.2 Asphalt Barrier

An asphalt barrier that completely surrounds the concrete vaults has been incorporated into the

design of the grout vaults. The barrier is intended to retard the diffusion of contaminants to the soil col-

umn and the diffusion of water vapor from the soil to the grouted waste, and to provide a hydraulic barrier

to-infiltrating water. The asphalt barrier consists-of-a-solid asphalt/aggregate pavement that is similar to a

road pavement. However, the construction specification for the barrier requires less than 4% voids, rather

than 8% to 10% voids as is typical for road pavement. The asphalt barrier is composed of 7.5 ± 5 wt%

asphalt (16.2 vol%) and aggregate with a maximum sieve size of 5/8 in. and with 65% to 75% passing a

#4 sieve (just under 1/4 in.). Generally. the aggregate size distribution for the asphalt barrier is similar to

the gravelly sands of backfill soil. The asphalt barrier completely surrounds the vault and catch basin and
is installed during construction. There is a minimum 1.0-m (3.3-ft) thickness of the asphalt barrier on the
sides and top of each vault. Beneath the catch basins of the first four vaults, the barrier is composed of a
0.46-m- (1.5-ft-) thick layer of asphalt pavement on top of another 0.46-m minimum-thick layer of
asphalt-coated gravel. All future vaults to be constructed will have a minimum I-in- (3.3-ft-) thick layer

of asphalt pavement surrounding the vaults, including the underside of the catch basin.

2.6.3 RCRA Cover

After they are filled with grout and the cold cap, the vaults will be closed in pairs to meet RCRA

cover guidance for a lateral drainage layer. A cross section of the closure cover over a pair of vaults is
shown in Figures 2.31 and 2.32. The cover design is based on the requirements of 40 CFR 264 and
WAC 173-303-665(6).

Backfill soil will be placed between the vault pairs and gravel will be placed in contact with the

asphalt barrier, forming a gravel layer above the vault. The gravel layer will have a 10% slope and pro-
vide a capillary break. All subsequent layers of the RCRA cover will also have a 10% slope. A 0.30-m-
(1-ft-) thick "filter" sand layer will be placed immediately above the gravel. This sand drainage layer is
designed as a granular filter to prevent infiltration of fines into the gravel layer. The particle size distri-
bution is also selected such that any draining water will preferentially flow through the sand and not
through the gravel. Next, a geotextile will be placed over the filter sand layer. This fabric will be used to
prevent plugging of the sand layer by fine soil particles from cover layers above. The filter sand will be
composed of clean sand and will provide additional protection for removing water that percolates through
materials placed above it.
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Figure 232. Detail of Grouted Waste Disposal Vault with RCRA Cover

A water infiltration barrier composed of a mixture of selected excavation materials and imported
bentonite clay (about 10% clay) will be installed over the geotextile. The function of this low-
permeability layer is to minimize the infiltration of water through the cover because no credit is taken for
the long-term integrity of the HDPE geomembrane above. The clay/soil mixture will be compacted in
lifts to a saturated hydraulic conductivity of not more than I x 10- cm/s. This layer will be nominally
0.61-m (2-ft) thick and will be below the average frost depth

An HDPE geomembrane will be placed over the bentonite/soil layer, again to minimize migration
of fine materials through the cover. Another 0.30-m (I -ft) layer of cleaned drainage sand and geotextile
will be placed above the geomembrane. The area will be backfilled with topsoil. The area will be graded
so that the surface is sloped to drain, prepared for planting, and fertilized, seeded, and mulched. This
action completes the RCRA barrier. At final site closure, a permanent isolation barrier and warning
marker system (Section 2.7) will be placed over the Grout Disposal Facility.
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2.6.4 Disposal Facility Summary

The development of the conceptual model and grid system discussed in Chapter 3 to model con-
taminant flow and transport from the vaults addresses the main components of the engineered system and
their dimensions. The grouted waste and cold cap are considered together as the grout waste volume in
developing the grid system. The reinforced concrete vault and the asphalt concrete barrier also are
modeled explicitly. Other components used are the RCRA barrier, the gravel layer, and a permanent iso-
lation barrier over the entire Grout Disposal Facility. Various geotextiles are considered short term and
are not considered in modeling. The hydraulic properties assigned to specific engineered components for
modeling purposes are presented and discussed in Chapter 3.

2.7 Permanent Isolation Barrier(a)

Westinghouse Hanford Company and Pacific Northwest Laboratory are jointly developing and test-
ing protective barrier and warning marker systems (Adams and Wing 1987). Permanent isolation barrier
and warning marker systems use engineered layers of natural materials to create an integrated structure
with redundant protective features. The emphasis of the work has been on the development of barriers
and markers for above-grade (mounded barrier) application to existing waste sites where the soil profile
should not be disturbed. However, the barrier design described in the performance assessment is also
relevant and applicable to the Grout Treatment Facility. Figure 2.33 is a conceptual drawing of the
permanent isolation barrier and warning marker system. The natural construction materials (e.g., fine
soil, sand, gravel, riprap, clay, asphalt) have been selected to optimize barrier performance and longevity.
The objective of the current design is to use natural materials to create a maintenance-free permanent
isolation barrier and warning marker system that isolates wastes for a minimum of 1,000 years by limiting
water drainage to near-zero amounts; reducing the likelihood of plant, animal, and human intrusion;
controlling the exhalation of noxious gases; and minimizing erosion-related problems. The following list
summarizes the design objectives for the barrier and marker system. The objectives are intended to be
broad enough to encompass the various regulatory requirements for the types of wastes anticipated for
near-surface disposal at the Hanford Site and otherDOE sites in the aid andsemiarid western UnitrA
States.

* Functions in a semiarid to subhumid climate

(a) In April 1993 a new prototype design for the permanent isolation barrier was issued. It differs
from the design described in Appendix F. Certainly, as data are gathered and the performance
of the 1993 prototype is assessed, the design will be revised. Because one cannot assert that any
design described here is final (i.e., because it will be constructed during site closure), it has been
decided not to revise this text. The new prototype design is described in WHC (1993).
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S952110854

Figure 233. Conceptual Permanent Isolation Surface Barier and Warning Marker System for an
Above Grade Application

Limits the recharge of water through the waste to the water table to near-zero amounts; a
long-term annual average of 0.05 cm of water per year [i.e., a drainage rate of approximately
2 x 10-9 cm/s]

0 Remains maintenance free by minimizing the likelihood of plant, animal, or human intrusion,
and minimizing the likelihood of significant wind and water erosion of the barrier surface.

2.7.1 Barrier Design

The protective barrier and warning marker systems consist of a variety of different materials (e.g.,
fine soil, sand, gravel, riprap, asphalt, clay) placed in layers to form an above-grade mound or at-grade
profile directly over the waste zone. Surface markers are placed around the periphery of the waste sites to
inform future generations of the nature and hazards of the buried wastes (see Figure 2.33).

The protective barrier design consists of a fine-soil layer overlying other layers of coarser materials
including sand, gravel, or basalt riprap (Figure 2.34). Each of these layers as listed in Table 2.9 serves a
distinct purpose. The fine-soil layer acts as a medium in which moisture is stored until the processes of
evaporation and transpiration can recycle excess water back to the atmosphere. The fine soil layer also
provides the medium for establishing plants that are necessary for transpiration to take place. McGee
Ranch silt loam is currently the fine soil of choice because it will create a favorable environment for con-
taining the biological cycles in the upper portion of the barrier, thereby reducing biointrusion into the
lower layers. The coarsest materials (i.e., successively coarser sand, gravel, and basalt riprap) that are
placed directly below the fine-soil layer create a capillary break that inhibits the downward percolation of
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Figure 2.34. Cross Section of a Conceptual Permanent Isolation Barrier and Warning Marker System

water through the barrier. The coarsest materials will alsohelpito-deter inadvertent-human intruders fmm
digging deeper into the barrier profile. A low-permeability layer placed in the barrier profile below the
capillary break is included in the protective barrier design. The purpose of the low-permeability layer is
to divert any percolating water that gets through the capillary break away from the waste zone, and to
limit the upward movement of gases from the waste zone. The low-permeability material of choice is
asphalt, which is hydrophobic (i.e., not wetted by water) and should be an excellent redundant barrier to
recharge.

Natural construction materials (e.g., fine soil, sand, gravel, cobble, crushed basalt riprap, asphalt,
clay) have been selected to optimize barrier performance and longevity. The need for a maintenance-free
barrier necessitates the use of passive systems. Knowledge of how natural processes affect barrier per-
formance has led to a design that passively meets design and performance objectives.

The protective barrier design accounts for the potential of wind erosion by incorporating gravel
admix in the upper silt layer. The potential for deposition of wind-blown soils is now being addressed.
However, while active dunes at the Hanford Site cover a significant portion of the Site, they are predomi-
nantly a fine sand. The majority of these dunes are vegetated to some extent. Recharge is expected to be
low where vegetation is present (Gee et al. 1992), although recharge has not been measured directly on
the dune areas. Presently, the more active andleast egetatedfdunes&lie-to-thesoutheast of the facility
adjacent to the Columbia River. Shallow-rooted vegetation is probably more suited than deep-rooted
species to adapt to the dynamic active dune environment. As a result, infiltration and recharge at active
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Table 2.9. Vertical Layering and Materials of the Protective Barrier

Description

McGee Ranch
Silt Loam

Sand Filter

Gravel Filter

Basalt Riprap

Gravel

Asphalt

Comment

2 in

15 cm

30 cm

dune locations could be substantial fractions of the precipitation. However, the present south and south-
east locations of the dunes downwind of the Grout Disposal Facility make it less probable that dune for-
mation events will dominate in the future and more probable that wind erosion will dominate.

2.7.2 Summary of Barriers

The Grout Disposal Facility includes many barrier materials above the grout vaults. The first one is
a gravel layer located between the asphalt barrier and the RCRA cover. The gravel layer and RCRA
cover provide a capillary break and reduces moisture infiltration. The permanent isolation barrier will
cover the entire Grout Disposal Facility above grade and is the final closure operation. The permanent
isolation barrier is an additional capillary break that provides redundancy against excessive recharge and
also provides protection from intrusion by plant roots or animals and intruders.

September 1994

Layer
Thickness

The McGee Ranch silt loam will be placed in two lifts; 1.5 m of clean silt-
loam soil will be placed immediately above the sand filter, then 0.5 m of silt
mixed with pea gravel will be placed and shaped to the grade elevation of
the site.

This sand will act as a hydraulic filter between the overlying silt and the
underlying crushed rock gravel. A woven geotextile is to be installed
between sand and silt layers.

This crushed rock gravel filter will act as a hydraulic filter between the
overlying fine sand filter and the underlying fractured basalt core of the
barrier system.

The fractured basalt riprap is the primary capillary break in the isolation
barrier system. This media is to have a minimum of fines in its grain size
distribution to ensure a considerable open porosity. The physics of unsat-
urated water flow require water to nearly reach saturation in the silts over-
lying the sand filter before water will enter the sand, and to nearly reach
saturation in the sand overlying the gravel filter before water will enter the
gravel.

This gravel layer acts as a cushion between the basalt riprap and the asphalt.
It ensures against damage to the asphalt during placement of the basalt.

Asphalt is placed in two lifts to provide added assurance that adequate com-
paction is achieved. In addition, this ensures that preferential flow does not
occur through single joints or localized areas of lower integrity (e.g., lower
compaction or higher conductivity) in a single layer.

50 cm

30 cm

15 cm

2.78



WHC-SD-WM-EE-004, Rev. 1

3.0 Analysis of Performance

This chapter describes the methods and data used in the analyses presented in this performance
assessment. Sections 3.1 (Background) and 3.2 (Pathways and Scenarios) provide a general description
of how releases may occur, which pathways the contaminants will follow in the environment, and how
future inhabitants of the region will be exposed. Sections 3.3 (Source Term and Engineered System), 3.4
(Unsaturated and Saturated Sediment Pathway), and 3.5 (Codes and Modeling Approach) present the
equations, data, codes, and models for the source region and the environmental and exposure pathways.
Section 3.6 (Performance Assessment Methodology) presents the cases used to evaluate compliance and
evaluate the sensitivity of analyses to specific design elements and model parameters. Interpretations pre-
sented in this chapter rely on the information presented in Chapter 2; however, data specific to the waste
form and engineered structures are presented here. Results of the analyses described here are presented in
Chapter 4.

3.1 Background

As described in Chapter 2, grout consists of aqueous low-level radioactive waste mixed with a
blend of cementitious materials that react to produce a solid waste form. As illustrated in Figures 2.30
and 2.31, the Grout Disposal Facility is an engineered disposal system with multiple barriers. The top of
the vaults will be approximately 5 m (16.4 ft) underground, and Resource Conservation and Recovery
Act (RCRA) and permanent isolation barriers will overlay the entire Grout Disposal Facility.

Contaminants are released from the Grout Disposal Facility by their desorption and dissolution into
the pore fluids in the grout monolith, and moved by advection and diffusion from the grout into the
surrounding engineered and natural materials. Once out of the Grout Disposal Facility, contaminants are
free to advect or diffuse in any direction. They can move upward by ionic diffusion under conditions of
zero or extremely low recharge and downward by advection with recharge. Some contaminants in the
unsaturated zone are sorbed to the sediments Other contaminants are not sorbed and move with the
recharge. As contaminants move downward toward the unconfined groundwater, relatively short-lived
r-din-clids d-cy within several thousand years to negligible concentrations.

Future exposures to contaminants from the Grout Disposal Facility are assumed to occur through
numerous pathways. The primary pathway is transport with infiltrating water downward thomugh the
unsaturated zone and into the groundwater flowing beneath the facility. Once in the groundwater, con-
taminants can migrate and discharge to the Columbia River. People downstream of the Hanford Site are
exposed by using river water for drinking, household needs, irrigation, and recreation. Another scenario
postulates groundwater flow to a downgradient well. Exposures occur by using the groundwater for
drinking water, to irrigate the gardens of a small community (80 people), to irrigate an individual family's
garden, and to serve a small family farm. Another important exposure pathway is intrusion into the Grout
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Disposal Facility during drilling and the subsequent exposures from contamination spread on the ground
surface. Upward diffusion of radon and other radionuclides was considered as a potential exposure
scenario. as was spread of contamination by flooding. Figure 3.1 illustrates the overall conceptualization
of the transport and exposure pathways.

The flow of water around and through the Grout Disposal Facility, and the transport of contami-
nants away from the facility, will be three dimensional in nature. Thirty-three vaults will be affected by
infiltrating water. In this performance assessment, a single vault was analyzed in a two-dimensional cross
section to determine the movement of contaminants from the grout, through the engineered disposal sys-
tem, through the unsaturated zone, and into the groundwater beneath the disposal site. The results of the
single vault analyses were then extrapolated to 33 vaults. Centerlines between vaults were used to define
the two-dimensional domain evaluated in the model. Because of the symmetry between pairs of vaults,
the centerlines between vaults were defined to be vertical no-flow boundaries. These lines of symmetry
imply that infiltrating plumes from the different vaults will not intersect. Figure 3.2 illustrates the two-
dimensional cross section represented in the model. A model of the unconfined aquifer is used to esti-
mate the travel time of contaminants transported through the groundwater and to the Columbia River.
The most significant exposure pathways using groundwater to transport contamination occur over a fairly
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Figure 3.1. Overall Conceptual Model for the Grout Technology Performance Assessment
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short distance within the aquifer [e.g., to a point 100-m (328-ft) downgradient of the facility, before the
contamination is removed by a well supplying water for irrigation and domestic needs. Doses resulting
from human exposure to radionuclides disposed in grout were calculated using an environmental
dosimetry model which includes dosimetric and metabolic models recommended by the International
Commission on Radiological Protection (ICRP).

Conversion of the results from the analysis of a single vault to the field of 33 vaults, and the total
inventory, is achieved by linear scaleup of contaminant flux. The analysis of flow and transport within
the vadose zone results in the calculation of a fractional release from the unit inventory in two-
dimensions. This fractional release is then applied to the inventory for the entire vault field. The total
contaminant flux is spread evenly over the waste management area as leachate or contaminant recharge to
the unconfined aquifer. This approach implies that all vaults fail simultaneously. While simultaneous
failure is unlikely, this approach is justified because the failure of vaults is expected to occur over a rela-
tively short period of time.

3.1.1 Approach

The purpose of the analyses described in this document is to estimate exposure and incremental
dose over time resulting from both mobile and sorbed radionuclides in the low-level waste inventory
planned for disposal in grout. Simulations were conducted over hundreds to thousands of years to esti-
mate long-term consequences and maximum exposure and dose. These long-term simulations include
consideration of the timing of potential degradation of the engineered system. In all cases, conceptual
models of the engineered and natural system were based on current understanding of the physical media
(e.g., intact and degraded states of grout, concrete, asphalt, gravel, backfill soil) and knowledge of
contaminant transport processes, Both the significance of different elements in the engineered and natural
system and the sensitivities of performance estimates of model parameters provided indications of system
performance.

The analysis strategy employed in this performance assessment can be best described as an evolv-
ing process. A large number of system components, modes of degradation, and degrees of model com-
plexity and sophistication could be employed in analyzing grout disposal. However, computational
resources, technical capabilities, and available data have defined the level of sophistication that can be
used at this time. This performance assessment (the series of completed simulations) has evolved as part
of a continuing effort to define and simulate a best estimate of the long-term performance of the engi-
neered disposal system. However, defining a single best estimate, especially for the properties of
degraded engineered components of the system, has proven difficult and may be impossible. Therefore,
conceptualizations of the disposal facility and the surrounding environment were adopted for more
sophisticated simulations while efforts continued toward defining a "best" estimate case. A phased
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approach to the performance assessment of grout evolved. The most important components in the engi-
neered system, the most sensitive parameters in process models, and the most significant combinations of

component and parameter sensitivities were incorporated into more sophisticated case studies.

Initially, a central sensitivity case was developed to test codes and modeling concepts and provide

the context for understanding the results of design and sensitivity cases. The design cases, which

involved constant property assignments and perturbations to engineered components and model parame-
ters, were used to examine the relative importance of design features in the engineered system. After
establishing important design features, the relative sensitivities of different aspects of flow and transport
phenomena were examined in a series of simulations termed "sensitivity cases." Based on knowledge
gained from the design and sensitivity cases, a series of cases incorporating appropriate engineered
features and process models was conceptualized. These cases were used to examine the potential signifi-
cance of increasing levels in degradation over time. The effects of degradation on release were evaluated
by making step changes to physical, hydraulic, and transport properties for those components of the engi-
neered system that are likely to degrade and cause a greater rate of release. These step changes were
examined in a series of simulations termed "compliance cases." The compliance cases provide the basis
for comparison with performance objectives.

3.2 Pathways and Scenarios

This section begins with a brief discussion of the time periods of interest in the simulations, and the
identification and screening of both transport and exposure pathways for the grouted wastes and their dis-
posal location. That discussion is followed by a description of conceptual models for the release, trans-
port, and environmental accumulation or exposure pathways. A final subsection briefly describes flow
and transport process models and their parameters. The general descriptions of release, transport, and
exposure models, and the related terminology, introduce the presentation of the source term and the
process models and data for the engineered system, environmental pathways, and exposure scenarios.

3.2.1 Time Periods of Interest

Chapter 1 established the time periods of interest in terms of performance objectives for this per-
formance assessment. Protection of the general public and groundwater will be evaluated for compliance
to regulatory performance objectives for 1,000 years and programmatic performance objectives for
10,000 years. The requirements for intruder doses following either a single acute or continuous chronic
exposure will be evaluated at 500 years after disposal.

Although long-term performance objectives are evaluated for compliance up to 1,000 aid
10,000 years, nearly all simulations will be continued to peak concentration and/or dose. Many of the
simulations involving transport in the unsaturated zone and groundwater require far beyond 10,000 years
to reach peak concentrations in a downgradient well because of the relatively high integrity of the engi-
neered disposal system, the slow release of contamination from the Grout Disposal Facility, and the slow
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migration of contaminants through the unsaturated zone sediments. Many cases were simulated for
several hundred thousand years. However as simulations are continued beyond 10,000 years, there is
increasing uncertainty associated with long-term integrity and degradation of the Grout Disposal Facility
and conceptualization of the flow system. Thus, results beyond 10,000 years are included for complete-
ness, but not for comparison with performance objectives.

3.2.2 Pathway Identification and Screening

This section describes the identification and screening of pathways for transport and exposure.
Transport pathways are described first, followed by descriptions of exposure pathways. Transport path-
ways cover the release and transport of contaminants from the Grout Disposal Facility through the soil
and groundwater to either a downgradient well or the Columbia River. Exposure pathways refer to distri-
bution and accumulation of radionuclides in the environment and food chain used to determine human
exposures. Exposure pathway screening also included exposures to radionuclides from direct intrusion
into the facility.

3.2.2.1 Transport Pathways

This proposed disposal places low-level radioactive wastes in buried engineered structures. The
upper surface of the waste is to be at least 5 m (16.4 ft) below the land surface. The Grout Disposal
Facility is located on the 200 Area plateau adjacent to the 200 East Area. At this location, the current
facility design places wastes 60 to 70 in (200 to 230 ft) above the water table. Clearly, environmental
transport must involve movement, either up or down, in the unsaturated sediment profile. Throughout the
Hanford Defense Waste Environmental Impact Statement (HDWEIS) (U.S. DOE 1987), the significant
transport pathway was downward migration through the unsaturated zone and to the groundwater. The
downward pathway has therefore been included as a transport pathway in this performance assessment.
Two alternate routes of upward transport have also been identified: upward migration of radon in a gase-
ous phase and upward migration of the inventory by diffusion (assuming infiltration is negligible) in the
liquid phase. The potential lateral movement of wastes in any substantial or continuous way has not been
analyzed because there is no known geologic structure underlying the Grout Disposal Facility that would
divert a release laterally to a major extent, or lead to an early or "short circuited" exposure. Accordingly,
the following transport pathways were identified and evaluated:

* Advection and diffusion of contaminants through the unsaturated zone to the unconfined
aquifer

* Upward diffusion of contaminants through the soil water to the land surface

* Upward diffusion of radon through the gas phase to the land surface.

The release of contaminants from the grout and the subsequent transport of those contaminants to
either a groundwater well or the Columbia River was analyzed in two parts. First, contaminant transport
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through the grout, concrete vault, asphalt barrier, and unsaturated zone to the water table was evaluated

using a two-dimensional model of the engineered disposal facility and the unsaturated zone. Second, con-

taminant transport through the aquifer is simulated on a pathline or advective-only basis. Pathlines are

used to determine the areal influence of a plume emanating from the waste site, and to estimate the time

required for contamination to move from the waste site to either a well located 100-m (328-ft) down-

gradient of the Grout Disposal Facility or the Columbia River.

In analyzing the role of the unconfined aquifer in releases from the Grout Disposal Facility, path-

lines starting from the trace of the disposal site on the water table were used to predict the flow paths and

travel times to reach both a downgradient well used to irrigate a family farm and the Columbia River.

Figure 3.3 illustrates the pathline trace from the waste site to a downgradi-nt well: T-he pathiines were

used to estimate the relative amounts of contaminated and uncontaminated groundwater drawn to a well,

and to derive well intercept factors for concentrations of contaminants reaching the downgradient well.

Postulated natural and human-induced events that could disrupt near-surface disposal systems were

studied as part of the HDWEIS (U.S. DOE 1987; Appendix R). Events considered for the variety of

wastes and structures included in the HDWEIS are listed in Table 3.1 (from U.S. DOE 1987, Table R. 1,

pg. R.2). Of these events, only eight were considered to be of sufficient probability or consequence to
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Irrigat

Table 3.1. Events Investigated for Potential Impact on Waste Disposal Systems

ion Glacial Flooding
Onsite
Utlb

Falling Objects
Meteorites
Airplane Crashes
Space Debris

Other Surface Flooding
100-Year Flood
Standard Project Flood
Probable Maximum Flood
Dam Failure
Rise in Sea Level

Drilling
Resource Exploration
Water Well

Excavation
Major, Large Scale
Minor

Resettlement/Farming/Gardening
Residential/Home Garden
Post Drilling/Excavation Habitation
Contaminated Water Supply Well
Biotic Transport/Habitation

Climate State
Current
Drier
Wetter

After U.S. DOE 1987, Table R.1, pg. R.2.

Wind Erosion
Prevailing Winds
Tormados

Magmatic Activity
Basalt Flows
Volcanism
Igneous Intrusion

Seismic Activity

Criticality

Diffusion

Terrorism

Warfare

warrant analysis within the HDWEIS: climate, irrigation, impact crater (airplane crash), drilling intru-
sion, major excavation, residential/home garden, biotic transport, and post-drilling habitation. Clearly,
some events represent their own transport pathway (e.g., falling objects that create significant impact
craters), while other events define or influence the exposure pathway(s) (e.g., resettlement/farming/
gardening). Irrigation, climate, and wind erosion could impact the unsaturated portion of the transport
pathway by defining or altering the infiltration through the surface, and therefore, recharge to the aquifer.
Deposition of surface soils (e.g., dune formation) could also influence infiltration and recharge. Finally,
glacial-induced flooding will be considered because of evidence of its known influence on the unsaturated
zone profile. The drilling, excavation, and resettlement/farming/gardening events will be discussed fur-
ther in the exposure pathway section.
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Irrigation and climate could influence the groundwater transport pathway in two ways: 1) by influ-

encing the groundwater recharge rate away from the Grout Disposal Facility, changes in these events

could result in a higher or lower water table and a corresponding thinner or thicker unsaturated sediment

profile; and 2) by influencing the infiltration rate through the barrier system of the Grout Disposal Facil-

ity, either event could result in greater or lesser leaching of the wastes. Of these two potential impacts,
the latter is anticipated to have the greater influence. The influence of a raised water table would be

limited because the height of water table rise is limited by the natural surface and geologic features, such
as the natural drainages to the north and east of the 200 Area plateau and Cold Creek valley to the south-

west and natural internal drainage afforded by the highly conductive Hanford formation gravels beneath

the 200 Area plateau in the vicinity of the Grout Disposal Facility.

Both erosion and deposition of soils occur on the Hanford Site because of wind. Although the rate

of wind erosion is temporarily high during windstorms, the amount of fine-grained material removed is

limited by the formation of lag concentrates from coarser material. This "armoring effect" is generally

stable and tends to prevent further wind erosion unless the armored soil surface is disturbed. High winds

in the Columbia Basin are associated with movement of weather fronts through the area and with thunder-

stonm Tornadoes are infrequentand generally small in the northwest portion of the United States.

Grazulis (1984) does not list any tornadoes for the region surrounding Hanford. A rate of 0.025 mm/yr

was used for an estimated rate of wind erosion in the HDWEIS (U.S. DOE 1987). Assuming this rate

were continued for 10,000 years, the land surface would be lowered by only 25 cm (10 in.). As noted in

Section 2.7, the permanent isolation barrier has been designed to minimize erosion. A surface layer com-

posed of gravel and silt loam soil will, when eroded by wind, present a gravel-armored surface that will

resist further erosion. Therefore, wind erosion is not anticipated to have a major impact on the Grout Dis-
posal Facility and was not included in the performance assessment.

The deposition of soils in the form of sand dunes does occur at Hanford. Stabilized and active
dunes exist to the south and southeast of the Grout Disposal Facility (see Figure 2.10). Sand dunes are
indicators of past, cumulative wind directions, and, therefore, the location of dunes to the south and down-
wind of the facility suggests that future dune formation over the facility is unlikely. Active dunes with
the least, if any, vegetation lie furthest from the facility and adjacent to the Columbia River. Assuming
that site decommissioning and closure activities in the 200 East and 200 West areas, which are upwind of
the Grout Disposal Facility, do not create favorable conditions for dune formation, it is more probable
that wind erosion events will dominate in the immediate vicinity of the Grout Disposal Facility.

While lesser forms of surface water flooding are not expected to influence wastes disposed on the
200 Area plateau, glacial-induced floods are known to have impacted the sediment profile of the disposal
site. At the end of the last ice age, approximately 18,000 years ago, the retreat of glaciers caused cata-
clysmic flooding in the Pasco Basin. The Grout Disposal Facility is located near a high-energy flood
channel on the south side of Gable Mountain. The Hanford formation is an example of the large-scale
erosion and deposition that can occur. Thus, glacial flooding has been included as a transport pathway.
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3.2.2.2 Exposure Pathways

Humans may receive radiation doses from radionuclides released from the Grout Disposal Facility
into the environment through a variety of different transport and exposure pathways. Figure 3.4 (from
Napier et al. 1988) illustrates the possible exposure pathways considered. These pathways are included in
the GENII code, the code used to calculate radiation doses at the Hanford Site according to the Inter-
national Commission on Radiological Protection (ICRP) 26/30 dosimetry model (ICRP 1975, 1977,
1979). The pathways included in GENII are general, and only those applicable to the exposure scenarios
considered in this analysis were evaluated.

In the HDWEIS (U.S. DOE 1987, Appendix R), several plausible excavation events were postu-
lated. The events included construction of highways or canals and basements in buildings. For excava-
tion events, workers operating heavy machinery were assumed to be in a hole surrounded by contami-
nated soil. The workers in a hole would be directly exposed to radiation from radionuclides in the soil
and suspended dust from the construction activities. Records and federal ownership of the land on which
the Grout Disposal Facility is located would reduce the likelihood of major excavations. However, if
records and controls have been lost or ignored, significant construction work and excavation activities
could occur. The barrier and marker system planned for the Grout Disposal Facility is assumed to sub-
stantially reduce the probability of a major excavation; the excavators are assumed to be alerted to the
danger by the markers internal to the barrier. Therefore, major excavations were not considered as an
exposure scenario for the human intrusion pathway. Minor excavations or digging are assumed to be
equivalent to drilling intrusion events because the amount of material removed and the processes of expo-
sure would be similar.

As identified in Table 3.1 and Figure 3.4, biotic transport is another mechanism for transporting
radionuclides from the Grout Disposal Facility to the environment. As reported in the HDWEIS
(U.S. DOE 1987), transport of buried radioactive waste to the land surface by plants and animals is a slow
process, but continued over long periods can result in substantial exposure of contaminants to humans
from unprotected waste sites. At the Hanford Site, biotic transport has spread "nuisance" contamination
(Cushing 199 1). The 5-m (16.4-ft) depth of the grout and the presence of a riprap layer precludes intru-
sion of the grout vaults by animals and plant roots. Therefore, this pathway was not included for
evaluation.

Drilling for either water wells or mineral exploration is a plausible mechanism for distributing con-
taminated soil on the ground surface. Monuments, barriers, and markers placed on and near the wastes
may reduce the likelihood of intrusion by drilling, but they cannot preclude it. A single acute exposure to
the individual doing the drilling, and a chronic exposure to post-drilling inhabitants of the site, were
included as an intruder scenario.

The remaining pathways in Figure 3.4 were included in the performance evaluation of the Grout
Disposal Facility. The conceptual model for environmental accumulation and exposure pathways is
described later in Section 3.2.4.
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3.2.3 Conceptual Model of Environmental Transport Pathways

All releases from grouted wastes will be to the unsaturated sediments that surround the engineered
vault and barrier system, with the exception of releases that occur as a result of catastrophic events, such
as glacial flooding. Releases following catastrophic events will create their own release-transport-
exposure sequence. With the exception of radon movement in the gas phase to the surface (described in
Section 3.2.3.3), releases to the unsaturated zone rely on the liquid-phase in the soil profile (i.e., soil
water) as the pathway for contaminant movement. Within the unsaturated soil environment, water can
move upward, remain static, or move downward. If water moves upward (i.e., groundwater drawn to the
land surface and evaporated), then the pressure profile from the water table to land surface would exhibit
a pressure at the land surface sufficient to overcome the elevation head. It does not, and, therefore, it is
known that soil water is either static or moving downward. If soil water is static (i.e., infiltration is
negligible), then contaminants in the unsaturated zone can diffuse in all directions. Upward diffusion to
the land surface or surface sediments would become a potential transport pathway. If infiltration occurs,
then advection of contaminants dominates diffusion and contamination is swept downward to the aquifer
and from there to groundwater wells or surface-water bodies that intercept the groundwater resource.
Clearly, downward migration by infiltration and upward migration by diffusion are the primary pathways
of interest.

3.2.3.1 Downward Migration

The grout waste management area covers approximately 9 x 104 m2 (9.7 x I&( ft2) and the base of
vault structures will be 60 to 70 m (200 to 230 ft) above the water table of the unconfined aquifer. The 33
vaults containing grouted waste will be paired and placed in rows as shown in Figure 3.5. Chapter 2 pro-
vides a detailed description of the location of the vaults and other grout facilities.

The analysis of downward-migrating contamination from 33 vaults is derived by developing the
source term for the saturated zone groundwater model from analysis of an idealized two-dimensional
vertical cross section (see Figure 3.2) that captures the symmetric half of a pair of vaults located in the
vadose zone. In this case, a single vault is analyzed because each pair of vaults shares a single RCRA
cover. Two primary assumptions of the conceptual model regarding the substitution of the two-dimen-
sional cross section for the fully three-dimensional field setting are 1) the design and performance of each
vault are similar in terms of its engineered systems and its underlying geohydrology, and 2) the flow of
water and transport of contamination occur predominantly in the vertical direction through the vadose
zone and into the unconfined aquifer underlying these vaults. These assumptions are based on our know-
ledge of the disposal facility and the natural environment in which the facility resides. Dominant proc-
esses in this analysis of an unsaturated sediment profile are water flow in unsaturated soils, and advection,
diffusion, sorption, and decay.

Thus, contamination from the 33 vaults moves downward by convection and diffusion to the water
table. While the vadose zone that underlies the Grout Disposal Facility is relatively deep, it is assumed
the geologic structure or layering is not sufficiently pronounced to result in extensive lateral spreading of
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contaminants (see Figure 3.2). Unlike the 200 West Area, which is underlain by the caliche layer, the
200 East Area lacks dominant layering (Lindberg et al. 1993, Appendix C;_RockholdFayer, and Heler
1993, Appendix J) that could result in extensive lateral spreading of contaminants introduced into the sub-
surface. Therefore, vertical movement of water and contamination is expected to dominate over any
lateral spreading.

Linear scaleup of contaminant flux is used to convert the results from the analysis of a single vault
to the field of 33 vaults and the total inventory. The fractional release obtained from the analysis of a unit
inventory in a single vault is applied to the inventory for the entire vault field. This total contaminant flux
is then spread evenly over the waste management area as leachate or contaminated recharge to the uncon-
fined aquifer. This approach is described in greater detail in Section 3.5.4. This approach implies that all
vaults fail simultaneously. While unlikely in an absolute sense, this approach is justified in light of the
time frames of interest (e.g., thousands to tens of thousands of years) because failure of vaults and
releases of contamination could occur over a relatively short period of time (e.g., several hundred years).

Contamination arriving at the water table is assumed to enter the aquifer underlying the waste man-
agement area as a uniform flux (Figure 3.6). In general, two-dimensional simulation of the vadose zone

results in a distribution of point concentrations entering the aquifer. Use of a uniform flux is a necessary

Waste Management
Area Boundary

Land Surtace
Devoted to

Future Grout Disposal

S9211085.56

Figure 3.6. Three-Dimensional Schematic Showing the Vertical Projection of the Grout Vaults Onto
the Water Table of the Unconfined Aquifer
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simplification resulting from the scale-up process. This treatment involves the fractional release (an inte-

grated flux) from the base of the two-dimensional cross-section and the land surface area associated with

all of the vaults, assuming that lateral spreading or dispersion of contamination in the vadose zone is no

greater than the surface area of the waste management area. This assumption incorporates a degree of

lateral spreading or dispersion in the estimate of contaminant concentration leaving the unsaturated zone.

It also implies that the development of preferential flow and transport paths from individual vaults to the

water table is improbable. Clastic dikes have been identified within the Grout Disposal Facility; however,

they are not believed to be continuous to the water table. If they are found to extend to the aquifer, they
could represent a preferential flow path. If present, preferential pathways for individual vaults would

result in different estimates of flux (e.g., earlier) and point concentrations (e.g., higher) leaving the

unsaturated zone and entering the aquifer, however, the effect on overall release from all vaults is

assumed to be small.

Once contamination has entered the unconfined aquifer, it moves with the groundwater until the

groundwater is intercepted by a well or discharges to a spring, pond, lake, or river. Just as the Grout Dis-

posal Facility represents the origin of the contaminant plume, the point of interception or discharge repre-

sents the end of the groundwater pathway. As will be described in the following section on exposure

scenarios, a groundwater well located only 100-m (328-ft) downgradient of the facility is a defined point

of interception. Similarly, exposures to contamination in Columbia River water define another pathway
of interest.

In order to produce simulations of the aquifer that represent future groundwater flow patterns, a

model of the unconfined aquifer was calibrated using a suite of boundary conditions (river stage, known
discharges, etc.) and records of groundwater elevation. Removal of site discharges from the model pro-
duced a post-Hanford aquifer model. In general, discharges from Cold Creek and Dry Creek valleys flow
across the Hanford Site and into the Columbia River. Removal of site discharges will eliminate ground-
water mounds and create a more predictable aquifer in the vicinity of the Grout Disposal Facility. How-
ever, this remains a complex region of the aquifer because of its proximity 1) to basalt outcrops above the
water table and land surface (i.e., Gable Mountain), 2) to erosional windows to the underlying confined
aquifers, and 3) to regions of the complete erosion of the Rmgold formation.

Previous simulations of the unsaturated zone-unconfined aquifer transport pathway (U.S. DOE
1987 pg. Q.2-Q.4) have shown the time of travel within the unsaturated zone is much greater than that in
the aquifer. For example, existing contaminant plumes originating in the 200 East Area have reached the
Columbia River in 25 to 30 years. This relatively minor role of the aquifer segment in the transport path-
way has resulted in the use of a pathline tracer methodology to estimate the time of arrival of contaminant
at the groundwater well or river. The quality of groundwater recovered from the aquifer by the well has
been approximated by using a well intercept factor based on the quantities of clean and contaminated
groundwater recovered.

September 19943.15



WHC-SD-WM-EE-004, Rev. I

3.2.3.2 Upward Migration - Soil Water

The upward migration pathway is conceptually similar to the downward pathway except the bound-
ary condition at the upper surface of the unsaturated zone profile is changed. The downward pathway is
created by assigning a downward-directed infiltration rate to the surface. A diffusion-dominated upward
transport pathway is created by setting the infiltration to zero. From the hydraulics viewpoint, this treat-
ment does not produce any downward or upward movement of water through the boundary. From the
transport viewpoint, it eliminates advective transport through the boundary and into the atmosphere. The
transport problem boundary can be assigned a zero-gradient condition, thus also eliminating diffusive
transport through the boundary. This conceptual model of diffusion within the backfill soil will cause
contamination to be stored in the surface sediments and then to diffuse downward after the source is
depleted.

3.2.3.3 Upward Migration - Gas Phase

The migration of radon gas from the waste to the surface was simulated using a conservative model
of the vault and barrier system. In concept, the radon generated within the grout must escape from the
grout and move through the concrete vault, asphalt barrier, and RCRA cover before being released
through the isolation barrier to the surface. Conservative values were adopted for grout and barrier diffu-
sivity, radium-226 source, and the thickness of the overlying barrier system.

3.2.3.4 Water-Vapor Diffusion

Water-vapor diffusion does not create a new transport pathway, but it may affect the previously
described downward-migration pathway by supplying a greater amount of water to the waste form or dis-
posal system surface. Because of the high salt content of the wastes, a water vapor density gradient will
develop between the waste and its surrounding soil environment. Water vapor will diffuse from the soil
to the waste in response to the reduced water vapor density in the grout. This water vapor should con-
dense on the outer surface of the concrete vault and could leach contamination that has either advected or
diffused to the exterior vault surface. The quantity of water that could be drawn to the waste by this
phenomena has been estimated and will be superimposed on some of the downward-migration pathway
simulations to demonstrate the potential influence of water vapor diffusion.

3.24 Conceptual Model of Environmental Accumulation and Exposure Scenarios

This section describes the scenarios used to evaluate the impact of human exposure to radionuclides
and other hazardous chemicals potentially released from the Grout Disposal Facility. The scenarios for
human exposure generally fall into four categories: 1) direct human intrusion into the disposal site;
2) transport of hazardous materials to groundwater and subsequent use of the groundwater by humans;
3) transport of contaminated groundwater to the Columbia River, which is used by downstream popula-
tions for a variety of activities; and 4) direct contamination of surface soil by upward diffusion or as a
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result of disruption of the disposal site by natural events such as glacial-induced flooding. The assump-
tions used for the groundwater and river scenarios and the intruder scenarios ar described here. The
scenarios considered in this document are based on those used for evaluating various alternatives for dis-
posal of Hanford defense wastes, including grout (U.S. DOE 1987, Appendix R), but have been updated
to include more recent information on exposure parameters.

The scenario descriptions in this section are general. Appendix M presents detailed explanations of
the exposure-scenarios and the sources for parameters used in the dose calculations. The analysis was
conducted for a time period appropriate to each scenario, but in all cases it was carried to a future time
sufficient to determine the maximum dose to a member of the public.

3.2.4.1 Groundwater Scenarios

Use of groundwater contaminated by radionuclides from the Grout Disposal Facility is the basis for
human exposure in the groundwater scenarios. The impact on a particular individual in these scenarios
depends primarily on how the groundwater is used. Potential exposure pathways include direct consump-
tion of water through drinking and cooking, use of groundwater to irrigate terrestrial food products for
human consumption, and use of groundwater to provide water for livestock or to irrigate feed crops con-
sumed by animals whose products are subsequently eaten by humans. Application of groundwater to the
soil surface during irrigation may also result in direct exposure to radiation from radionuclides accumu-
lated on the ground, or to inhalation of radionuclides resuspended from the contaminated soil surface.
Three groundwater use scenarios were addressed in this study.

Individual Drinking-Water Scenario. The simplest groundwater scenario consists of a case in
which the water is used only for domestic purposes, but not for production of food crops. This scenario
assumes that an individual consumes 2 L/d (0.53 gal/d) of contaminated water but has no other potential
routes for internal or external exposure. It provides the basis for comparison to the radionuclide dose
standards in DOE Order 5820.2A and the primary and secondary drinking-water regulations, as discussed
in Chapter 1. This scenario is included for evaluation of the groundwater protection objective.

Irrigated Farm Scenario. This scenario is based on groundwater used not only for domestic pur-
poses, but also for irrigation of crops on a farm that produces a fraction of the individual's terrestrial
foods (vegetables and fruits) and animal products (meat, milk, and eggs). It also assumes that the individ-
ual is exposed to external radiation from the soil surface and to radionuclides in resuspended soil through
inhalation. The drinking-water consumption rate used in this scenario is a population average, which is
somewhat more realistic than the 2 L/d used for regulatory purposes. In this scenario, the size of the irri-
gated area used for growing human and animal food crops, 20,000 m2 (-5 acres), requires pumping irri-
gation water at the rate of 45 m3/d, (-1.2 x 14 gal/d), a rate that captures a portion of the contaminated
plume from the Grout Disposal Facility plus some uncontaminated water from the aquifer. The concen-
tration of radionuclides in irrigation water for this scenario is therefore somewhat lower than that modeled
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for the contaminated-groundwater plume. This scenario provides the basis for comparison to the radio-
nuclide dose standards for all pathways in DOE Order 5820.2A. The dose limit for all pathways was
defined in Chapter 1.

Individual Irrigated Garden Scenario. This scenario is based on use of groundwater for domes-
tic use and irrigation of crops that produce a fraction of the individual's terrestrial foods. The major
difference between this scenario and the irrigated farm scenario is the omission of ingestion exposure
pathways for animal products. All other exposure pathways and parameters for this scenario are identical
to those for the irrigated farm scenario. Because of the smaller volume of water required for irrigation in
this scenario, it was assumed that groundwater withdrawn for domestic and irrigation purposes would be
obtained entirely from the contaminated plume downgradient from the Grout Disposal Facility through a
low-volume well. Although the irrigated farm scenario has historically resulted in the highest individual
dose estimates for shallow land burial of radioactive materials (U.S. DOE 1987), this scenario was evalu-
ated because the increased groundwater concentration might result in a higher dose to the maximally
exposed individual, even without the animal product consumption pathways. The doses estimated for this
scenario were also compared with the radionuclide dose standards for all pathways in DOE Order
5820.2A.

Community Well Scenario. The collective dose was estimated based on the irrigated garden dose
to an individual as described for the general public protection objective. The peak dose in the individual
irrigated garden scenario was multiplied by 80 to obtain an estimate of the potential collective dose result-
ing from the use of groundwater. The volume of contaminated groundwater in the plume at 100-m
(328-ft) downgradient from the disposal site is sufficient to meet domestic needs and to produce a portion
of fruits and vegetables consumed by a population of 80 individuals. Use of groundwater to supply the
domestic needs of a larger population would result in substantial dilution of contaminated groundwater by
clean water from the aquifer. Therefore, use of the minimum population size represents the maximum
collective dose in this scenario.

3.2.4.2 Catastrophic Flood Scenario

The catastrophic flood scenario considers the potential effect of natural forces on the Grout Dis-
posal Facility, based on evidence for similar flooding at the end of past ice ages. In such an event, the
entire Pasco Basin could be flooded and the existing sedimentary deposits would be disrupted to a con-
siderable depth. The scenario evaluated for this analysis presumes that the entire radionuclide inventory
of the grouted waste is exhumed by such a flood 50,000 years after disposal. The radionuclides are then
uniformly distributed over an area equivalent to that of the Hanford Site [1,450 km2 (560 mi 2)] at a depth
of 10 m (33 ft). The exposure pathways included in this scenario are the same as those considered for the
irrigated farm scenario, except that the drinking-water source is assumed to be uncontaminated. In this
case, radionuclides are deposited directly in the surface soil, as opposed to the irrigation scenario where
groundwater provides the source of radioactive materials. The dose to an individual for this scenario is
compared with the all-pathways performance objective for protection of the general public.
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3.2.4.3 Upward Diffusion Scenario

This scenario is equivalent to the glacial flood scenario in that it involves direct contamination of
soil rather than secondary contamination following transport of radionuclides to groundwater. In this
case, the radionuclides are assumed to diffuse upward from the buried vaults to the surface soil in the
absence of net groundwater recharge from precipitation. As with the flood scenario, all pathways are con-
sidered except drinking water, and the results are evaluated by comparison with the all-pathways perform-
ance objective for protection of the general public.

3.2.4.4 River Scenario

This scenario was developed to evaluate the collective dose to a population of 5 million people
assumed to live on or near the Columbia River downstream from the Hanford Site in the future. Radio-
nuclides in groundwater beneath the Hanford Site ultimately enter the Columbia River in the Hanford
Reach and are then transported downstream by the river (Woodruff, Hanf, and Lundgren 1992). The river
is used as a source of drinking and irrigation water, as in the groundwater irrigated farm scenario. In addi-
tion, the river is a source of aquatic food (fish) and is used for a variety of recreational purposes such as
swimming, boating, and other shoreline activities.

The pathways considered in this scenario include use of contaminated irrigation water to produce
all terrestrial and animal foods for the population and use of the river for drinking water. The consump-
tion of contaminated fish is based on the total quantity of panfish caught in the immediate vicinity down-
stream from Hanford. The population is exposed to external radiation from radionuclides in the river and
sediments through recreational activities, and to radionuclides in soil contaminated by irrigation. Inhala-
tion of resuspended contaminated soil is also included. The food consumption rates used for this scenario
are population averages, which are somewhat lower than those used for the maximum individual dose
calculations in the groundwater scenarios.

For the purposes of this scenario, the quantity of radionuclides entering the river annually through
groundwater was assumed to be diluted by a volume of water corresponding to the annual average river
flow rate at Hanford (Woodruff, Hard, and Lundgren 1992). The calculations are based on the assump-
tion that only contaminated river water was used for consumption and irrigation. In reality, a large frac-
tion of the water used for these purposes downstream from Hanford comes from uncontaminated sources.
Columbia River flow is also substantially diluted by inflow from tributaries immediately downstream,
e.g., the Yakima and Snake rivers.

Collective doses are not regulated by state or federal agencies, therefore no standards for radiation
doses to populations are available by which to evaluate the potential exposures. A relative measure of the
impact of collective radiation exposure can be obtained from the number of excess fatal cancers resulting
from radiation exposure to a given population. The current value recommended by international radiation
protection organizations for risk from radiation exposure to the general population is approximately
500 fatal cancers per million person-rem (ICRP 1991).
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3.2.4.5 Intruder Pathways and Scenarios

Intrusion directly into the Grout Disposal Facility becomes a possibility after active institutional
control of the Hanford Site by the federal government ends. DOE Order 5820.2A (U.S. DOE 1988a) pro-
vides for a maximum institutional control period of 100 years, after which only passive mechanisms such
as markers, monuments, and public records are available to alert intruders to the presence of hazardous
waste. DOE-RL 5820.2A (Hanford Site implementation of the DOE Order, U.S. DOE 1990a) requires
the use of barriers and markers sufficient to deter intruders for 500 years at disposal sites where waste
remains hazardous beyond the 100-year institutional control period. That provision is also consistent
with U.S. Nuclear Regulatory Commission (NRC) 10 CFR 61 requirements for disposal of commercial
low-level radioactive waste. Although barriers are likely to be successful, intruder scenarios were evalu-
ated at 100, 300, 500, and 1,000 years after disposal.

Drilling Scenario. Drilling for water or mineral exploration is a potential mechanism for bringing
radionuclides disposed in a grout waste form back to the surface where they would be accessible for
human exposure. The presence of engineered barriers and markers as described in Chapter 2 provides a
deterrent to drilling through the disposal site, but these warning systems cannot entirely preclude the pos-
sibility. The drilling scenario considers exposure to an individual involved directly in drilling a well or
borehole through a grout disposal vault. Radioactive material from the drilling core is assumed to be
transported to the surface and spread over a relatively small area. During the drilling operation, the
operator is exposed by inhaling radionuclides suspended in the air. While completing the well and dis-
assembling the drilling equipment, the operator also receives external exposure from radionuclides that
have been spread over the ground surface. Radionuclide concentrations on the ground surface are based
on the radionuclide concentrations in the waste feed stream rather than the grout. This approach is con-
servative by 30% to 40% with respect to the average concentration in grouted waste because of the
volume increase of 30% to 40% associated with adding dry materials to form the grout.

Post-Drilling Home Garden Scenario. The post-drilling home garden scenario was used to eval-
uate the dose to an individual who inhabits the disposal site after radioactive material from the drilling
core is brought to the surface. In the process of grading the site and constructing a residence, the radio-
nuclides are assumed to be spread over a larger area and mixed with the uncontaminated surface soil to a
depth of 15 cm. Exposure pathways in this scenario include ingestion of fruits and vegetables grown in
the contaminated soil, inhalation of resuspended radioactive materials, and external exposure to pene-
trating radiation from radionuclides in the surface soil. Radionuclide concentrations mixed into the
15-cm-thick contaminated surface layer are based on radionuclide concentrations in the waste feed stream
rather than in the grout. This approach is conservative by 30% to 40% with respect to the average con-
centration in grouted waste because of the volume increase of 30% to 40% associated with the addition of
dry materials to form the grout.
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3.2.4.6 Evaluation of Hazardous Chemicals Released from Grout

The transport of hazardous chemicals other than radionuclides that may be released from grouted
waste was included in this analysis. These results are included for information only because hazardous
chemicals are regulated under the RCRA permit for the disposal site. The concentrations of these chemi-
cals in well water or groundwater as compared to the federal EPA primary and secondary drinking-water
standards [40 CFR 141, 56(138) FR 33050, 57(138) FR 31776] were used as the benchmark for the
relative hazard presented by the materials. Primary drinking-water regulations are based in part on the
risk of carcinogenic and noncarcinogenic health effects from chemicals ingested by human populations,
and therefore provide an index against which the groundwater concentrations of these materials can be
evaluated. Secondary drinking-water regulations are intended to control contaminants that primarily
affect the aesthetic quality of the water. However, at considerably higher concentrations these chemicals
may have health implications.

Drinking-water regulations may not be applicable to well scenarios involving relatively low pump-
ing rates and doses to an individual for which comparisons are made. Limits for some contaminants
apply only to community water systems having at least 15 connections used by year-round residents or
that serve at least 25 year-round residents. Limits for other contaminants are more broadly applicable.
However, the regulations are used as a point of comparison to evaluate degradation of water quality.

3.2.5 Flow and Transport Models

Conceptual models of release and transport described in the preceding sections have referred to a
number of water flow and transport processes relevant to the unsaturated zone or unconfined aquifer or
both. Before presenting data and model parameters specific to the grouted waste, the engineered disposal
system, and the natural environment, these processes need to be described and related to model param-
eters. These processes fall into two categories: water flow and contaminant transport. Process models
adopted for simulations are based on porous media and equivalent porous media concepts, i.e., the sub-
surface is composed of a matrix of solid particles (e.g., sand, silt, clay, gravel, etc.) and a network of
voids. Thus, other approaches to modeling discrete fractures in degraded engineered structures are not
discussed. The primary purpose of this section is to define terminology. Those readers familiar with
process models and parameters used in the porous media model can go to the description of the source
term and engineered system in Section 3.3.

3.2.5.1 Water Flow

Brief descriptions of water flow in saturated and unsaturated media are followed by a discussion of
water vapor flow as it relates to the high salt content of these grouted wastes. A similarly brief presenta-
tion is made using equations of water flow in Appendix P, Section P.1.1.
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Saturated Water Flow. Water flow through a saturated porous media is governed by the empiri-
cal relationship known as Darcy's Law (Freeze and Cherry 1979, pg. 15-36) and the equation describing
conservation of mass. Water flows from areas of high potential (or energy) to areas of low potential (e.g.,
from areas of recharge at high elevation, to areas of discharge at low elevation). The flow rate of water is
proportional to the hydraulic gradient (the variation in potential in the direction of flow) and the cross-
sectional area. The proportionality constant is known as the saturated hydraulic conductivity, K. Multi-
dimensional models employ a tensor form of K,, denoted K%, where the subscripts represent the x, y, and
z spatial dimensions and Kj is a 3 x 3 matrix. The principal components of the tensor, the diagonal
entries, are often denoted K., KY, and Kz when the axes of the conductivity tensor align with the coordi-
nate axes and the off-diagonal entries to the tensor are then zero.

Darcy's Law defines the discharge of water through a cross section of porous media. However, in
contaminant transport problems it is of interest to determine the average velocity of water flowing
through the media. This is because neutral contaminants, those that do not sorb, move with the water.
The average velocity of the pore water is determined by dividing the flow rate of water by the total poros-
ity (OT) or effective porosity (eE) of the media (Freeze and Cherry 1979, pg. 36-38, 70-71, 388-389).
Porosity is the ratio of void space to total volume. Effective porosity is a somewhat lower estimate of
porosity acknowledging that some pore and void space does not contribute to flow.

Unsaturated Water Flow. The feature of the unsaturated zone that distinguishes it from the satu-
rated zone is the degree of water saturation in the pore space. In the saturated zone all pores are filled
with water; in the unsaturated zone they are not. Water still flows from regions of high potential to
regions of low potential, but capillary forces now influence the conductivity of the porous media. While
the flow rate of water is proportional to the gradient in total potential, the proportionality is not constant.
(For an explanation of potential, see Appendix P.) The hydraulic conductivity of unsaturated media is a
function of the degree of saturation , K(8) (where saturation is equivalent to moisture content, 0), or the
pressure head, K(v). Soil moisture content is also a function of pressure head, i.e., 0 = O(w). K(W) is the
relative permeability curve, and 0(W) is the water retention characteristic. These Iwo relationships are
characteristic curves of an unsaturated media. Figures 3.7 and 3.8 are examples of characteristic curves.
The classical equation used to describe transient unsaturated flow is referred to as Richards' equation
after the soil physicist who first developed it (Richards 1931).

Simulating transient water flow in unsaturated media also requires a knowledge of specific capac-
ity, C(p). This parameter describes the change in the water-storing capacity of a porous media as a func-
tion of pressure head. Analytically it is the slope of the water retention characteristic curve (i.e.,
C() = d0/dI); thus once O(W) is known, the specific capacity is known. Occasionally, to simplify simu-
lations the specific capacity is assigned a constant value.
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Figure 3.7. Example of Water Retention Characteristics (after Hillel 1982)
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Figure 3.8. Example of Unsaturated Hydraulic Conductivity Relationship (after Hiliel 1982)
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As in the case of saturated flow, the average velocity of water in the unsaturated media is of interest
for the contaminant transport problem. Soil moisture content defines both the volume of water and the
cross section of water in the unsaturated media. Therefore, average water velocity is detennined by divid-
ing the flow rate of water (as defined by Richards' equation) by the moisture content. As soils or sedi-
ments approach full saturation, moisture content approaches total porosity.

Use of characteristic curves in numerical models generally requires that laboratory or field data be
described by analytical models. This technique promotes efficiency in numerical solutions because val-
ues can be determined exactly, thus avoiding interpolation between data points in a table and assuring
continuous derivatives necessary for evaluating the specific capacitance. A number of methods have been
developed to describe characteristic curves. The relationship selected for use in this performance assess-
ment is a closed-form analytical model for representing the water retention characteristics and unsaturated
hydraulic conductivity function, published by van Genuchten (1978). Specifically, for the moisture
content, e, expressed on a volumetric basis:

0 = (as - er) + + Or (3.1)

where S = volumetric moisture content (dimensionless)
as = saturated moisture content (dimensionless)
Or = residual moisture content (dimensionless)
o = fitting parameter (C1 ) approximately equal to the inverse of the air entry potential of the soil
w = the matric potential or capillary pressure head of water (L)
m = (1 - I/n)
n = fitting parameter (dimensionless).

The relative hydraulic conductivity under unsaturated conditions is expressed in the form proposed by
Mualem (1976) and restated by van Genuchten (1978). Relative hydraulic conductivity is expressed as
follows:

K _ I - (rn)"~[1 + (aYI)J 
[I +(a n
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where K,= relative hydraulic conductivity (dimensionless)
K = unsaturated hydraulic conductivity (L/T)
KS = saturated hydraulic conductivity (L/T)

and (x, y, m and n are as defined above.

This model and soil hydraulic data for the engineered and natural materials are presented in Appendix .

Water Vapor Diffusion. The high salt content within the pore fluid of the grout produces a
depression in the water vapor pressure over the grout. The salt content in the surrounding soils is rela-
tively low, so the vapor pressure of moisture in the soils surrounding the vault is higher than the vapor
pressure of water over the grout. This condition creates a concentration gradient in the mass concentra-
tion of water vaport in the gas phase, providing the driving force for diffusion of water vapor from the
soil to the grout. The movement of water vapor within soils is discussed by Hanks and Ashcroft (1980).
The phenomenon of water vapor diffusion to a high salt content waste has been described by Cary, Gee
and Whyatt (1991). The diffusion of the water vapor in the gas phase can be described by Fickian diffu-
sion in one dimension as follows:

th = -D . (3.3)
dx

where i = mass rate of water vapor diffusion (M/T)
Dv = effective vapor diffusion coefficient (L2/T)
C = water vapor mass concentration in gas phase (M/L 3)
dc = water vapor mass concentration gradient (M/L4)
dx
X = spatial coordinate (L)
A = cross-sectional area (L2)

... 2Cnntmnnt Toanspnrl

Brief descriptions of transport phenomena in porous media are used to introduce the process model
parameters, which are described in subsequent sections. See Appendix P, Section P.1.2, for a similar
presentation that introduces the basic equations of transport processes.

Diffusion. Diffusion is the process whereby ionic and molecular constituents move in the direction
opposite their concentration gradient (i.e., from high to low concentration). Diffusion acts whenever con-
centration gradients are present, but is imponant only in situations where diffusive flux is comparable to
or greater than advective flux. As described by Fick's first law (Freeze and Cherry 1979, pg. 103), the
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mass of a diffusing contaminant through a given cross section per unit time is proportional to the negative

of the concentration gradient. The proportionality constant is known as the diffusion coefficient, D. Dif-
fusion coefficients are often determined in the laboratory and reported as diffusion coefficients in water.
Care has been taken in this study to define effective diffusion coefficients for the transporting medium
(e.g., soil water, bulk soil, asphalt).

The effective diffusion coefficient for soils and sediments is a function of moisture content, and an
empirical relationship by Kemper and van Schaik (1966) was used to calculate parameter values for the
various natural media in this study. The formula used to calculate effective diffusion coefficients as a
function of moisture content was

D,() = Dab(a)(e b (3.4)

where De(G) is the effective diffusion coefficient of an ionic species in the particular soil or sediments,
Dab is the effective diffusion coefficient of the same species in water, and a,b are empirical constants.
This correction for the effect of moisture content was applied to natural media and the RCRA cover mate-
rial, but not to the gravel or engineered materials in the disposal system.

Dispersion. The concentration of individual solutes within components of the engineered system,
soil, and groundwater will be affected by the process of dispersion. Dispersion, also referred to as
mechanical dispersion, is the process resulting from mechanical mixing of solutes during their transport
by advection (Freeze and Cherry 1979). This process creates a tendency for solutes to mix and spread out
from the path they would be expected to follow under the average hydraulics of the flow system. The
mixing occurs as contaminants follow different flow paths through the porous media. The contaminants
are transported through a portion of the porous media pore space that actively participates in flow, termed
the effective porosity. Mechanical dispersion is the process used to describe variations in contaminant
concentration resulting from velocities higher and lower than the average, and paths more or less tortuous
than the average. The resulting early arrivals, persistent long-term low concentrations, and lateral or
transverse spreading are all accounted for by mechanical dispersion. The net effect of dispersion causes
dilution of solutes as the solutes are transported along flow paths. When combined with diffusion, this
spreading, mixing, and dilution process is referred to as hydrodynamic dispersion.

While not included explicitly in the simulation of contaminant transport within the unsaturated
zone, dispersive phenomena are included implicitly by the method used to introduce contamination to the
aquifer. That is, the fractional release predicted for a single vault is applied to the total inventory for the
entire vault field, and this total contaminant flux is uniformly applied over the waste management area as
contaminated recharge to the unconfined aquifer. Thus, wastes disposed to 33 individual vaults are
assumed to disperse laterally in the unsaturated zone and contaminate all recharge entering the aquifer
from the waste management area. Initially this assumption may appear to be completely arbitrary;
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however, viewed in the context of the groundwater contamination problem it is a reasonable approach.
The waste management area boundary extends only to the outermost wall of the outermost vaults (see
Figure 3.5). Thus, lateral dispersion is underestimated because perfectly vertical infiltration through 60 to
70 m (200 to 230 ft) of unsaturated zone is not possible. Longitudinal dispersion, which would lead to
somewhat earlier arrival times but lower peak flux and concentration predictions, has been neglected.
The very long-term nature of the release and consequence analysis, and the reliance on predictions of

peak or maximum concentration, justify the approach taken. Whether a peak occurs after 9,000 or
9,100 years is not as significant as the estimated peak level of groundwater contamination.

-As described-in the section-on-tht downward-subsurface migration pathway (Section 3.2.3.1), the
travel time in the aquifer is short (on the order of days) in comparison to travel time in the unsaturated
zone (on the order of thousands of years). This relatively short travel path, when associated with the
long-term release from grouted wastes, makes consideration of longitudinal or lateral dispersion in the
aquifer unnecessary. Once established, the contaminant plume in the aquifer will have such a long-term
presence that dispersion in the aquifer will not reduce maximum concentrations a short 100 m away from
the site. Similarly, the maximum contaminant flux entering the Columbia River will occur over a suffi-
ciently long period of time to minimizing any impact from dispersion within the aquifer.

Sorption. The transport of some contaminants is affected by adsorption onto the porous media or
precipitation in minerals. A linear sorption isotherm model is commonly used to simulate these processes
in the subsurface environment. This model partitions the contaminant between the liquid and solid phases
in the porous media by fixing the ratio of mass sorbed per unit mass of dry solids to concentration in solu-
tion (Freeze and Cherry 1979, pg. 402-408). This ratio is known as the distribution coefficient, Rd, and,
through manipulation of the transport equation results in a retardation factor, R. A Rd of zero produces a
R of 1, which implies contaminants that do not sorb (Rd = 0) move with the velocity of the water. When
the R is two (R = 2), the associated contamination moves at one-half the velocity of the water. As the Rd
increases, the R increases, and the contaminant moves at a decreasing velocity. In general, this model is
valid if the reactions that cause partitioning are fast and reversible and if the Rd is independent of the con-
taminant concentration in solution.

The Rd is affected by both the surface chemistry properties of sediment minerals as well as the
solution chemistry of the pore fluids. Vadose zone sediments do not exhibit much variation beyond pH or
cation exchange capacity (Ames and Seme 1991), which are functions of mineral surface properties. Pore
fluid chemistry (e.g., pH, Eh, and dissolved solids) in porous materials is controlled by mineral-fluid
reactions and is generally dominated by the minerals present, particularly for systems with high solid-to-
liquid ratios. The empirically determined Rd as described above for both sediments and grout incorporate
these surface chemistry and fluid chemistry effects as a combination of all possible sorption mechanisms,
but it is difficult to evaluate individual mechanisms separately. Also, both vadose zone and groundwater
pathways are inhomogeneous, which can cause some variation in sorption properties with distance. For
these reasons, as well as the lack of site-specific geochemical data, it is generally accepted that a linear
sorption isotherm model based on a range of empirically determined values from Hanford sediments and
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grout is satisfactory for performance assessment calculations if sufficient conservatism is included (Ames
and Seine 1991). Separate distribution coefficients were used for the grout and sediments, but values

were constant in each region of the model domain.

Because of the impracticality of modeling each contaminant separately with a contaminant-specific
R, as well as the lack of site-specific data on a wide range of possible contaminant-sediment systems,
individual contaminants have been grouped into transport groupings based on the lowest observed value
for all contaminants in a particular group. Also, a conservative estimate of contaminant mobility is made
by calculating retardation factors based on both conservative Rd values and assuming saturated porosity.
It is not expected that properties such as bulk density and porosity in sediments will change significantly
with time, so the values are considered to remain constant for this assessment.

Decay. Radionuclides decay (NCRP 1984) with time, reducing the concentrations; e.g.,

N= e (3.5)
No

where N/No = fraction remaining

N = concentration at time = t

No = initial concentration

? = Ln(2)/(half life)

t = time.

The half life (yr) of each radionuclide is given in Table 2.4.

3.3 Source Term and Engineered System

The Grout Disposal Facility, including the grout, concrete vault, asphalt barrier, and RCRA and
protective barriers, is designed to contain and control the release of radionuclides into the environment.
Describing the long-term performance of the engineered disposal system defines the source term for this
performance assessment. The description of the source term includes a discussion of the radionuclide and
chemical inventories planned for disposal, and the description of the engineered system includes a con-
ceptual model of the Grout Disposal Facility. The conceptual model describes the behavior of the engi-
neered system while the system is intact and as it degrades, including mechanisms for degradation of
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system components and contaminant release and transport from the disposal facility. This information
supports the brief conceptual descriptions of release and transport that have already been presented.

- -Contaminants are in the grout as precipitated solids, adsorption products, hydration products, and
aqueous species. Contaminants bound in the solid matrix are released to pore fluids in the grout by dis-
solution and desorption. Contaminants in the pore fluids move by diffusion and advection. Diffusion is
the dominant mechanism for release when the engineered barrier system is intact (i.e., primarily while the
asphalt barrier acts as a hydraulic barrier). When the asphalt barrier and concrete vault degrade, moisture
from recharge and water vapor return can enter the grout and pore water from the grout can drain into the
surrounding soil, carrying contaminants out of the Grout Disposal Facility by advection. Several proc-
esses control the release of radionuclides from grout and the facility. The performance of the source
depends on performance of the engineered system, so the effects of degradation and failure of the engi-
neered barriers are addressed in this section of the performance assessment. Available data will be
presented and discussed for release and transport process models applicable to the waste form and engi-
neered system. Model parameters associated with degraded states of the engineered vault and barrier
system will be presented and justified to the extent possible. In many cases justification cannot be
rigorous because of the long-term nature of the degradation and the absence of relevant engineering,
hydraulic, or transport data for degraded materials. In several instances, conservative selections have
been made in either the timing or severity of degradation, or both.

3.3.1 Radionuclide and Chemical Inventories

As described in Chapter 2 and Appendix E, 122 million liters of waste are currently identified for
disposal as grout in 33 vaults. The radionuclide inventory for the waste is provided in Table 2.4.
Table 2.4 includes the decay half lives used in the analyses. The volume of waste represents a sum of
existing concentrated wastes, future concentrated wastes, and low-level waste streams from the treatment
of neutralized current acid waste (NCAW), neutralized cladding removal waste (NCRW), Plutonium
Finishing Plant (PFP) waste, and complexed concentrate (CC) waste. Three approaches were taken to
prepare inventory estimates. Concentrations in existing concentrated wastes were estimated using
weighted averages for measured constituent concentrations or were based on correlation factors for con-
stituents not analyzed. Concentrations from evaporator-derived wastes were estimated based on source
concentration and the volume reduction factor of the evaporator. Operations records were used to deter-
mine the transfer history of waste volumes and hence concentrations. The most current material balance
forecasts were used to estimate the character of low-level waste streams to be generated by future pre-
treatment. Methods used to estimate the inventory, and special methods used to estimate the inventory of
some key radionuclides, are described in Appendix E.

All of the radionuclides listed in Table 2.4 were analyzed for the irrigated farm scenario in the cen-
tral sensitivity case (to be described in Sections 3.6.1 and 3.6.5.1). The ingrowth of daughter products is
discussed in Appendix P (Section P.2.1). The analysis revealed that radionuclides present in low concen-
trations or with short half lives or both could be omitted from the long-term dose calculation. Similarly,
radionuclides that were highly sorbed in the grout waste form and to sediments of the unsaturated zone
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were shown to have negligible impact on the long-term dose estimate. Therefore, the following radio-
nuclides were not included in other calculations of long-term dose: niobium-94 and -95; zirconium-95;
cerium/praseodymium-144; europium-152, -154, and -155; thorium-230; plutonium-238, -239/240, -241,
and -242; americium-241; and curium-243 and -244. All intruder dose calculations included the entire
radionuclide inventory as listed in Table 2.4.

Total feed concentrations for chemicals in molarity (mol/L) and their molecular weights also are
provided in Table 2.4. Chemicals have been included in this radiological performance assessment for
information only. Only those chemicals listed in the primary and secondary drinking-water standards
have been analyzed and presented in Chapter 4.

3.3.2 Conceptual Description of the Long-Term Performance of the

Engineered Disposal System

During the first 100 years, the grout and engineered disposal system are expected to function as
designed. All major components will remain intact. Degradation during this period will be limited to
surface biodegradation of the asphalt barrier at the soil-asphalt interface and cracking of the grout/
concrete sealing the roof plant joints (Figure 3.9). Despite this minor cracking, the overall system will
retain its high integrity. Movement of the waste will be limited to diffusion within the components of the
disposal system. The asphalt barrier will retain its integrity, so water will not infiltrate the grout.

By about 1,000 years, degradation will have a minor but recognizable effect on the integrity of the
engineered disposal system. Horizontal and vertical cracks will appear in the upper corners of the asphalt
barrier. These cracks are caused by the disintegration of the thermal insulation board and slumping of the
asphalt barrier walls (Figure 3.10). The cracks will be the first through-wall cracks in the asphalt barrier,
and they will provide an avenue for water to enter and contaminants to leave the concrete vault. Bio-
degradation will continue on the exterior surface and begin on the interior and crack surfaces of the
asphalt barrier. The reinforced concrete vault will show additional cracking. Through-wall cracks are
expected at construction joints because of the corrosion of steel water stops placed after a concrete pour to
ensure a good seal between one pour and the next. Surface cracks on all concrete surfaces are expected
because of rebar corrosion. Cracking at the roof plant joints will continue. Seismic events and the
transfer of external loads from the vault to the grout monolith will cause some fracturing of the grout
itself.

These degradation processes will continue for tens to hundreds of thousands of years. Cracking of
the concrete and grout will continue because of cor-osion and seismic events. Biodegradation of the
asphalt barrier surfaces will continue. Eventually, additional through-wall cracks will form in the asphalt
barrier because of the embrittlement and recurring stresses related to seismic events. The increased crack-
ing in the asphalt barrier and the vault will allow more infiltrating water to flow through the engineered
disposal system. Advection overcomes diffusion as the primary mechanism by which radionuclides leave
the Grout Disposal Facility.
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Figure 3.9. Schematic Drawing Showing the Degradation During the 0- to 100-Year Period, and an
Exploded View of Roof-Plank Joint Orientation and Distribution
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Figure 3.10. Schematic Drawing Showing the Degradation During the 100- to 10 -Year Period, and an
Exploded View of Cracking on Concrete Surfaces
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In the following sections, degradation of the components of the disposal system is discussed in
more detail. The flow and transport properties of the components as they relate to the retention and
movement of radionuclides in the disposal system are also described.

3.3.3 Grout and Concrete Vault

This section describes the conceptual model and data used to predict the flow of water and transport
of contaminants in cementitious components of the Grout Disposal Facility (i.e., steel-reinforced concrete
and grout). Transport models and data for the grout waste form essentially constitute the release model
for grout. Steel-reinforced concrete is included in the vault and catch basin of the engineered disposal
system. The conceptual model for the movement of contaminants within both grout and concrete
includes process models for simultaneous advection and diffusion. Effective diffusivities were measured
in the laboratory and values derived for each radionuclide in the grout waste form. Sorption of chemicals
and radionuclides in the media by precipitation or adsorption was modeled for the grout waste form, but
not for concrete. Values for and sources of model parameters are presented.

Advection within cementitious materials was modeled using the van Genuchten-Mualem model
(see Section 3.2.5.1 and Appendix P, Section P.1.1), which was originally developed to describe the water
retention and relative permeability of unsaturated soils. The basis for the parameters used in this model
of grout will be briefly described here and is more thoroughly presented in Appendix J. Appendix J dis-
cusses hydraulic properties of natural and engineered materials. Note that the clean grout (see Sec-
tion 2.6.1 and Figure 3.2) filling the space between the radioactive grout and the ceiling of the vault is
assigned the same flow and transport properties as radioactive grout; however, its initial waste concentra-
tion is set to zero.

3.3.3.1 Initial Release Model for Grout

This section describes the conceptual model for transport within the grout waste form. This model
is essentially the release model for contaminants. The conceptual model for the movement of contami-
nants within grout includes process models for simultaneous advection, diffusion, and sorption. Values
for and sources of model parameters are presented.

Diffusion in Grout. Data for simulating molecular diffusion in the grout are based on data
obtained in laboratory leach tests. Semi-infinite solid diffusion leach models were assumed to be appro-
priate models for describing the release of trace contaminants from cement waste forms (e.g., Dayal,
Schweitzer, and Davis 1984; Sambell, Smitton, and Elsden 1982). Based on laboratory leach tests on
small-scale (generally cylindrical) solid waste forms, an effective diffusion coefficient for each radio-
nuclide or chemical species in the grout waste form was calculated.
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Table 3.2 lists specific radionuclides and chemical species for which effective diffusion coefficients
for grout were measured. The grout formulation used for each of the wastes in Table 3.2 was specific to
that waste. The grout formulation may be optimized for each waste type that is processed through the
Grout Treatment Facility. The data for leaching of TcO4 and F from a variety of grouted waste forms is
provided in Appendix P, Section P.2.1.1.

Table 3.2. Specific Species/Grout Combinations for Which Effective Diffusion Coefficients
Were Measured

PSW
Grout(a)

Na
K
5 4Mn
6 0CO
85Sr
137CS
14 C
Cd
Hg
Ag
Se
I
Cr
Pb
9TC

As
U

CRW
Grout(b)

Na
K
F
NO 3
S04
14C
99TC
137Cs
8 5Sr
241 Am

Pu
I
99TC
6 0Co
79se

P0 4

Tank
106-AN
GroutC)

NO )
Cl(d
F
NaN
Mo
Ni
Cr
241Am
137CS
1291

90Sr
so 4

DSSF
Groutd)

9TC
125i

Cr
Na(g)
NO 2
N03()
Se

PSW
Cores(e)

Al
Ca
Na

S 46 0Co
137CS

SO 4
Al
Ca

(a) Phosphate/sulfate waste (Sene et a]. 1987, Seme et al. 1989).
(b) Cladding removal waste (Seine and Wood 1990).
(c) Waste from a double-shell tank at Hanford grouted with the formulation developed for

DSSF (Seme et al. 1989).
(d) Double-shell slurry feed (Serne 1990, Serne et a]. 1992, Tallent et al. 1988).
(e) Martin and Lokken (1992).
(f) Lokken (1992).
(g) Lokken, Martin, and Shade (1992).
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The effective diffusion coefficient obtained from a leach test incorporates the effects of solubility,
tortuosity, volume fraction pore solution (for determining driving force), and molecular diffusivity in the
pore solution into a single parameter that can be used with the total volume-based concentration. Some
constituents have very low solubility or experience sorption onto the solid surfaces of the grout. These
species have low release rates in leach tests, resulting in low effective diffusion coefficients. Releases of
species with significant sorption or solubility limitations are not diffusion controlled. The low concentra-
tion of the species in the pore solution results in effective diffusion coefficients with lower values than
can be explained by the pore structure of the grout. Modeling the diffusional release of these species with
an effective diffusion coefficient would provide reasonable results if diffusion were the only release
mechanism. However, the degradation of engineered structures is considered in this performance assess-
ment and the impact of the advection of contaminants from grout is evaluated. Therefore, the concentra-
tion of contaminants in the pore solution is an important variable. Species with significant sorption or
low solubility are released by advection at lower concentrations and lower rates than fully soluble species.
Release from grout was modeled by using a sorption model to represent sorption and solubility con-
straints. To model release from the grout, the effective diffusion coefficient has been separated into its
diffusion- and sorption-related components.

The effective diffusion coefficients measured in leach tests are influenced by various factors as
shown below:

Dei = TDM (3.6)
RI

where Dei = effective diffusion coefficient (L2f) based on grout volume concentration

T = tortuosity factor (dimensionless)

DM = the molecular diffusion coefficient (L2jT) of the solute in an aqueous solution

R; = R for species i (see Section 3.2.5.2 and Appendix P, Section P.1.2) (dimensionless).

Sorption in Grout. For all species in the grout waste form, the molecular diffusivity in the pore
solution was assumed to be 2.5 x 10 5 cm 2/s. For nitrate the R is expected to be 1.0, indicating that the
nitrate is fully soluble and mobile in the pore solution. From an observed effective diffusion coefficient
for nitrate of 5 x 10-8 cm2/s, the tortuosity factor for grout (ambient temperature curing) was calculated
from Equation 3.6 as 0.002. The tortuosity was assumed to be a physical property of the grout, not a
species-specific property. Then, from the grout tortuosity factor and the measured effective diffusion
coefficients for other species, the R for these species were calculated.

September 19943.35



WHC-SD-WM-EE-004, Rev. 1

All contaminants analyzed were sorted into four groups of radionuclides and chemicals represent-
ing transport groups with a single effective diffusion coefficient. All species in a group have an effective
diffusion coefficient less than or equal to the diffusivity assigned to that group. This treatment leads to
higher-than-measured diffusion coefficients for some species, but significantly reduces the amount of
modeling required to simulate the release and transport of the inventory.

The bulk of the data for effective diffusion coefficients exists for curing at ambient temperature.
However, experimental work (Lokken 1992) has indicated that the diffusion coefficient for nitrate in
grout cured at high temperature over long time periods increases to values approaching
I x 106 cm 2/s.(a) Curing at elevated temperature is an expected condition in the Grout Disposal
Facility. In the case where the effective diffusion coefficient in the grout increased because of high-
temperature curing, the change was assumed to result from a change in the grout tortuosity. To make this
adjustment, the tortuosity factor for nitrate was recalculated using the degraded diffusion coefficient value
of I x 10-6 cm2/s, which is higher than that used originally by a factor of 20. This approach results in a
tortuosity factor of 0.04. From the grout tortuosity factor and the previously calculated R (which are
assumed to remain valid), the transport properties for the degraded or high-temperature case were calcu-
lated for each species. Prior to use in the numerical model, the R values were converted to Rd based on
the bulk density (1.105 g/cm 3) and saturated porosity (0.5781) of the grout. (For additional information,
see footnote to Table 3.15.)

Before applying the measured grout effective diffusion coefficients in the computer model, an
adjustment was made to account for the fact that the driving force is calculated in the model on a pore
water basis and the leach test effective diffusion coefficients were based on total grout volume. This con-
version was made by multiplying the leach test effective diffusion coefficients by the volume fraction of
pore water as shown in Equation 3.7.

D, 2 = 0 Dei = (0 T Dm)/R (3.7)

where De2 = effective diffusion coefficient (L2f) based on grout pore water concentration

0 = volume fraction of pore water in grout taken as 0.5781 (Appendix J).

These properties for the radionuclides evaluated in the performance assessment are listed in Table 3.3.

This approach to modeling the release from grout is correct if the mechanism for reduced effective
diffusion coefficients is sorption. However, a sorption model was used to simulate the slow release of
both sorption-controlled and solubility-controlled species. If the release is controlled by solubility, an

(a) Effective diffusion coefficient based on bulk grout concentration.
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Table 3.3. Initial Source Parameters for the Asphalt Barnier, Concrete Vault, and Grout in the
Nondegraded Engineered System (Grout properties degraded because of high-
temperature curing.)

Groups of Contaminants

Barrier

Concrete

Group 1 A(d)

Group 2A,B

Group 3A,C

Group 4A,D

All

All

3H, 103Ru, 10 6RuRh 125 Sb, 1291

99Tc, 94Nb, 95Nb

60Co, 63Ni, 79Se, 90Sr, 113Sn, 126Sn,
134Cs, 135cs, 137 CS, 226 Ra, 23 7Np

14C, 2 34 U, 23 5U, 13 8 U, 9 5Zr, 1"CePr,
152Eu, 154Eu, 15 5Eu, 2Th,2 Pu,
2 39/24 0pu, 2 4 1Amn 24 1pU, 2 4 2Pu
2 43 Cm, 244Cm

De (a)
(cm /s)

NA

NA

De2-R(b)
(cm /s)

I x 10-10

5 x 10-8

IX 10-6 5.781 x 10-7

2 x 10 7  5.781 x ()-7

4 x10 -9 5.781 x 10-7

2 x 10-10 5.781 x 10-7

NA = not applicable.
(a) Concentration driving force based on bulk media concentration. Includes effect of degradation

from high-temperature curing. Values obtained from ambient temperature curing have
diffusivities that are lower by a factor of 20.

(b) Represents the diffusive mobility of ions in media, neglecting sorption effects. This was the dif-
fusive parameter used in code calculations. Concentration driving force is defined in the pore
fluid of grout/concrete or asphalt phase in diffusion barrier._For grout, separated into
De2-R = OTDM where 0 = volume fraction pore fluid or volumetric water content, T = tortuosity
factor, Dm = molecular diffusion coefficient in pore solution.

(c) R values were assigned and from them Rd values were determined. Because of rounding, the Rd
and R values do not agree precisely. The Rd values were used in all code calculations.

(d) Values used for the cold grout cap are identical to those for contaminated grout. Group numbers
identify grout R. Letters refer to divisions within the group number for different soil Rd.

advective release (pore fluid advecting through grout) will occur at a constant concentration until the solid
phase is depleted. With a sorption model, the concentration will drop over time as the inventory is
released, maintaining a constant ratio between solid and liquid phase contaminant concentrations.

Seme et al. (1992) conducted experiments on grout samples in which the tracer concentration was
varied to determine the leaching mechanism for iodine-129, selenate (Se0 4

2 -), and pertechnetate

September 1994

R(c)
(-)

Rd
(ml/g)

1.0

1.0

1.0

0

0

0

24.82

240

5020

125

2625
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(99T0 4 ). They concluded that solubility mechanisms were not important for release of these species.
Release of iodine-129 was controlled by diffusion and linear adsorption. In this performance assessment,
iodine- 129 was assumed not to be sorbed. Release of 99TcO 4 and Se042- was controlled by diffusion
and nonlinear adsorption. The nonlinear adsorption results in a higher diffusivity at higher concentrations
because of saturation of preferred adsorption sites. Leach tests for 99kc4Q were performed at concentra-
tions of 100 to 10,000 pCi/L while the waste average concentration in grout is 50 pCi/L. Therefore, the
sorption of 99TcO4- within the grout vault will be greater than observed in leach tests in which a higher
concentration was used. Therefore, the mobility assigned to the key radionuclides (technetium-99 and
iodine-129) in the grout waste form is believed to be conservative.

The other important radionuclide is neptunium-237. The peak dose from neptunium-237 is gener-
ally of similar magnitude to that for iodine- 129 and technetium-99. However, the sorption properties of
neptunium-237 in the grout and soil substantially delay the arrival and spread the peak over a longer
period of time. From an integrated dose standpoint, the neptunium peak is actually larger than the
technetium-99 and iodine-129 peak. No data are available on the leach behavior of neptunium-237 from
Hanford grout. The values used for sorption of neptunium-237 were selected to be conservative based on
expert judgment. A subsequent review of data available for neptunium-237 has confirmed that these
values are conservative. Appendix P (Section P.3.2.1) provides a summary of literature reviewed.

Advection in Grout. Before the asphalt barrier degrades, water flow into and through the grout is
limited by the low hydraulic conductivity of the asphalt barrier. However, as the engineered system
degrades over time, the hydraulic properties of the grout become important.

The hydraulic properties of grout used in this performance assessment are based on experimental
measurements made on grout samples obtained from a pilot-scale grout production test using a nonradio-
active simulated DSSF waste. The water retention characteristic curve is represented by van Genuchten-
Mualem model parameters and is based on data from nine samples. The parameters were determined
from a fit of data generated by a thermocouple psychrometer. Before fitting the data, an adjustment was
made to extract the depression in vapor pressure apparent in the data due to the high ionic strength of the
grout. This was done to minimize the influence of vapor pressure depression in the unsaturated zone
simulations that did not reflect the high ionic strength of the grout. The saturated hydraulic conductivity
of the grout was determined from measurements on three samples in a constant-head permeameter.
Unsaturated hydraulic conductivities were calculated from the water retention characteristic using the
Mualem relationship (Appendix P, Section P1..1). Gravimetric water contents were used along with the
average bulk densities to determine the sample porosities. Table 3.4 lists a summary of the initial param-
eter values for intact grout and the cold cap. Appendix J provides details of the measurements and data
reduction.

Flow and Transport in Noncontaminated Grout. After grout containing wastes has been poured
into a vault and cured for 30 days, any liquid remaining on the grout surface will be removed. The space
between the concrete cover blocks and the contaminated grout surface will be filled with a noncontami-
nated grout to eliminate the possibility of subsidence. All flow and transport properties for this grout are
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Table 3.4. Initial Hydraulic Properties for Grout

a0(a) oh a (cm-1)(c)) n(d) KS (e) (cm/s)

Grout/Grout Cap 0.5781 0.0000 1.08 x 10 -1 1.650 1.47 x 10-

(a) %S = saturated water content (volume fraction water when saturated cm 3/cm 3

(b) 0r = residual water content (cm 3/cm3.
(c) a = reciprocal of air entry pressure (1/cm).
(d) n = dimensionless curve-fitting parameter.
(e) KS = saturated hydraulic conductivity (cm/s).

assumed to be the same as those for the contaminated grout. The only difference in the simulation of this
region is that the noncontaminated grout does not initially contain contamination. In the waste grout, a
high water-to-cement ratio increases the amount of liquid waste that can be disposed of in a single vault.
The noncontaminated grout may be formulated with a lower water-to-cement ratio, thereby improving its
hydraulic and transport properties compared to the contaminated grout.

3.3.3.2 Initial Flow and Transport Properties of the Concrete Vault

Models and associated parameters defining the flow of water and transport of contaminants are
needed to model the migration of contaminants through the concrete vault. The basis for the initial value
of each parameter is described below. Changes to these properties over time as the reinforced concrete
degrades are described in Section 3.3.3.4, which discusses concrete degradation and geochemistry.

Diffusion in Concrete. An effective diffusion coefficient for each contaminant in the concrete was
needed to model transport of the contaminants through the vault walls. The values used in this perform-
ance assessment were obtained from published literature and compared with measured values of diffusion
through cement-based waste forms.

Savannah River Laboratory (Albenesius and Wilhite 1986) used an effective diffusion coefficient
for the concrete vault of 5 x 10-8 cm2/s for all species in a performance assessment for cemented waste.
Muurinin et al. (1983) determined effective diffusion coefficients for cesium and strontium of 3 x 10-9
and 6.9 x 10-12 cm 2/s, respectively, in construction concrete. They compared these values with others
reported in the literature (strontium-90 at 10- to 10-10 cm 2/s and cesium-137 in the range of 10-9 to
10-10 cm 2/S).

In this performance assessment, a single effective diffusion coefficient of 5 x 10 cm2/s with the
driving force defined in the concrete pore solution was assumed for all species in the concrete (see
Table 3.3). Lower effective diffusion coefficients may exist for many species such as strontium-90 and
cesium- 137, as described above. However, no credit was assumed for sorption or precipitation within the
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concrete. Strontium-90 is known to form carbonates and hydroxides under the high pH conditions that
exist in the grout and concrete (Lindsay 1979). Thus, the effective diffusion coefficient for strontium-90
within the concrete was expected to be lower than that for mobile anions. Similarly, cesium- 137 is
adsorbed by many materials and may have a lower effective diffusion coefficient in concrete.

Advection in Concrete. The hydraulic properties of the concrete are based on experimental meas-
urements of six concrete samples received from Sandia National Laboratory (SNL). Water retention
properties are represented by van Genuchten-Mualem model parameters. The parameters were deter-
mined as they were for grout (see Section 3.2.5.1 and Appendix P, Section P.1.1). Appendix J provides
details of the measurements. The degree to which the concrete in the grout vaults is similar to the
concrete received from SNL is unknown. To address this problem, an attempt was made to compare the
hydraulic conductivity to literature values.

Work by Whiting (1988) determined that the water-to-cement ratio is a key variable influencing the
permeability of concrete, with permeability increasing with increasing water-to-cement ratios. The con-
crete specification for the construction of the grout vault indicates a maximum water-to-cement ratio of
0.42. The mix design of the concrete actually used a water-to-cement ratio of 0.34.

The permeability observed by Whiting for a concrete with a water-to-cement ratio of 0.4 was
2.6 x 10- cm/s. The permeability was below detection limits for a concrete with a 0.288 water-to-
cement ratio. The permeability for concrete with a water-to-cement ratio of 0.4 is a factor of 14 smaller
than that used in the performance assessment. The content of cementitious material was 642 lb/yd3

cement for the 0.4 water-to-cement ratio for the concrete used in Whiting's work, and 529 lb/yd 3 cement

plus 133 lb/yd3 fly ash for the vault concrete. The gradations for the two mixes were similar. The grada-
tions of the total aggregate (combined fine and coarse aggregate) are compared in Table 3.5. The values
for the vault are a single sieve analysis; actual values fall within an allowed range on aggregate sizes.
Although the concrete used by Whiting and that used for the vault construction have similarities, there are
differences that must be considered. The air void content was 5.6% for the vault concrete and 2.3% for
the Whiting concrete. However, the general similarity of the concretes and the fact that the value selected
for hydraulic conductivity is 14 times lower than the literature value indicates that the value selected for
the concrete is reasonably conservative. Table 3.6 provides a comparison of the saturated hydraulic flow
properties for concrete in the performance assessment to the values for the Whiting concrete. Table 3.7
summarizes the hydraulic parameters for concrete applicable during periods of high integrity. In some
cases, initial concrete water retention properties were altered to facilitate modeling of degradation (see
Section 3.6.3.4 and Appendix P, Section P.1.1).

3.3.3.3 Degradation of Grout

A considerable and continuing effort exists to formulate grout and measure its original properties.
Standard methods have been used to determine the leachability of a variety of grout formulations and the
unsaturated hydraulic properties of a single sample. However, the long-term hydraulic, transport, and
attenuation properties of the grout are an area of considerable uncertainty. During the curing process for
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Table 3.5. Comparison of Aggregate for the Vault Concrete Mix Design to Literature-Reported
Values for Concrete

Wt% Passing
0.4 Water-to-

Cement Mix(a)

100
100
71.1
40.5
34.2
28.3
15.6
3.4
0.4

not speci tied

Wt% Passing
for Vault

Construction

100
95.7
69.9
53.2
30.3
22.4
15.4
4.3
0.8
0.4

Whiting (1988).
Submittal Approval to David A. Mowat Company
5-9-90 from Tom Morton, Kaiser Engineers
Hanford. KEH No. 5162 (B-7 14). Submittals
064.A.102, 064.A.103, 0.64.A.104, 0.64.A.105 for
concrete mix design.

Table 3.6. Comparison of Saturated Hydraulic Properties for Concrete: Hanford and Whiting(a)

Performance
Assessment

3.75 x 10-10 cm/s
0.2258

Whiting
Concrete

2.6 x 10-1 cm/s
0.113

(a) Whiting (1988).

Table 3.7. Initial Hydraulic Properties for Concrete

Medium

Concrete 0.2258

Os 0r c (cm 1 ) n

0.00 7.61 x 10g 1.393

K, (cm/s)

3.75 x 10-1o

September 1994

Sieve
Size

1"

3/8"
No. 4
No. 8
No. 16
No. 30
No. 50
No. 100
No. 200

(a)
(b)

Concrete
Property

0,
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grout, a cementitious material with a high porosity (55% to 60% by volume), a very fine pore structure,
and continuously connected pore space is formed. While grout cures and excess liquid is removed in a
matter of months, the actual curing process continues indefinitely, and, in general, the hydration products
of the cement and fly ash continue to be formed (i.e., hydrated calcium silicate and calcium hydroxide).
During hydration, the hydrated cement gel material incorporates pore water and forms precipitates on the
surfaces of existing solids that border the pores. Thus, the pore structure will become finer with time as
the curing process continues to form hydration products (Dames and Moore 1989).

Care was taken in formulating grout to minimize the potential for formation of expansive minerals
that could cause extreme internal stresses and cracking. The formulation efforts attempted to minimize
the depletion of OH and the formation of gypsum (CaSO 4 -2H20) within the grout. Infiltrating water
may import sulfate into the concrete and grout materials; however, sulfate concentrations in water (Dames
and Moore 1989) contacting Hanford soils are below concentrations associated with the formation of sig-
nificant amounts of expansive minerals.

Grout is designed to exhibit relatively good volume stability indefinitely; however, it is not
designed to develop the compressive strength and other structural properties of concrete. Consequently,
the grout could degrade as the reinforced-concrete vault degrades and external (e.g., seismic) loads are
transferred to the grout monolith. Because it will not have sufficient structural strength to bear these
loads, it is anticipated that the grout monolith will experience cracking, fracturing, or a generalized
breakup in response to vault degradation (i.e., the timing of grout degradation may correspond to the tim-
ing of steel-reinforced concrete vault degradation). The severity of such a degradation process (i.e., tim-
ing and magnitude) and the uniformity of associated cracks are unknown and have not been forecast from
first principles. However, the grout monolith could experience stresses at points where the vault experi-
ences through-wall cracks because of the inability of the vault structure to bear loads at these locations. It
is possible that localized crushing would occur at locations directly opposite corroding rebar and that
crushing would be limited to the grout surface. These weakened regions on the grout monolith could then
be impacted by seismic loadings, and extensive cracks could form. Thus, as a first approximation, one
could assume the grout monolith cracks along planes defined by construction joint cracks in the
reinforced-concrete vault.

Because of the composition of Hanford soils, natural infiltration percolating into the vault and the
grout waste form through fine cracks is anticipated to carry with it dissolved carbon dioxide (CO 2). The
pH of the infiltrating water will be nearly neutral, but upon reaching either the concrete or grout, the high
pH pore fluids will cause the CO 2 to react with calcium hydroxide (CaOH) and precipitate calcium
carbonate (CaCO 3) abruptly in the pores or cracks that conduct the infiltrating waters. This mineral pre-
cipitation could cause plugging of cracks at high pH interfaces, or a more general filling of cracks along
crack surfaces.

Infiltrating water from the surrounding soil environment is expected to be imported in limited quan-
tities. Thus, infiltrating water is expected to affect only a small portion of the grout monolith. Typically,
impacts are anticipated at the outer surface of the grout where infiltrating waters bearing dissolved CO 2
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first contact the grout, and in the cracks of the monolith where waters may preferentially flow and diffuse.
These impacts will be limited to the vicinity of breaks in the concrete and asphalt barrier, which provide
the pathway for the infiltrating water and chemicals to convect and diffuse to the grout surfaces and
cracks. Note that portions of the grout monolith characterized by the discharge of pore water to the sur-
rounding engineered system should not be associated with the precipitation of calcium carbonate, but
should be associated with the formation of hydration products. If grout pore water reaches the vadose
sediments with its high pH preserved, calcium carbonate could precipitate in the sediments.

The overall long-term conceptual model is one of a fractured grout monolith, its matrix made up of
blocks of unfractured grout and its fractures or cracks partially or completely plugged with calcium carbo-
nate or hydration products (hydrated calcium silicate and calcium hydroxide). The continuing formation
of hydrated calcium silicate and calcium hydroxide during long-term grout cure should result in a finer
pore structure with time in blocks of unfractured grout. Thus, the unsaturated hydraulic performance of
the unfractured grout would be conservatively modeled using the original (i.e., freshly cured) unsaturated
hydraulic properties measured for grout. The true hydraulic performance of the fractures will depend on
the pore structure associated with the fracture openings. A number of alternatives exist, e.g.,

* cracks are open and represent a discontinuity in the unsaturated material

* cracks are plugged at points where infiltrating waters contact them (e.g., at the pH front), and open
elsewhere

* cracks are filled throughout their volume with calcium carbonate as a result of complete contact
with infiltrating water

* cracks are filled with hydrated calcium silicate and calcium hydroxide formed during long-term
cure of the adjacent unfractured grout block

* cracks are filled with a combination of calcium carbonate at exterior surfaces, and hydrated calcium
silicate and calcium hydroxide on interior surfaces.

Based on our knowledge of the chemistry of grout, and, in particular, the long-term character of its
curing process, it is assumed that minerals do form in cracked grout. These minerals are deposited in
cracks, and can be envisioned as either fine-grained deposits of calcium carbonate along crack surfaces
where waters of different pH would contact one another, or as fine-grained deposits of hydrated calcium
silicate and calcium hydroxide formed on grout surfaces that border cracks. As a result, the crack sur-
faces will likely be coated, if not filled. with fine mineral deposits.

3.3.3.4 Degradation of Concrete

The vault, catch basin, and sump enclosure are all constructed of steel-reinforced concrete. No
near-surface faults nor soil liquefaction potentials have been identified in the geological environment sur-
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rounding the grout vault. The potential for seismic stresses to affect the buried structure is low (see
Section 2.1.9). This was demonstrated by a 0.35 G three-dimensional seismic evaluation of a symmetric
quarter of the vault in its final configuration (i.e., filled with grout) (B. V. Winkel, 1992, private
communication(a)).

The processes anticipated to cause degradation of the reinforced-concrete material are summarized
as follows (see Appendix Q):

Process or Mechanism Associated Degradation

" Short-term seismic stress

* Long-term seismic stress

" Short-term rebar corrosion

" Long-term rebar corrosion

" Overburden loads

" Corrosion of water stops

" Short-term drying shrinkage

* A three-dimensional symmetric quarter of the vault was analyzed
for a 0.35 G acceleration event and it demonstrated negligible
impact on the design structure.

* Extension of partial cracks and creation of through cracks in the
aged and rebar corroded reinforced-concrete structures.

" Short term rebar corrosion is unlikely because of 1) cathodic pro-
tection, 2) high pH level, 3) low permeability of concrete, 4) rela-
tively low chlorides, and 5) presence of asphalt liner separating
grout from concrete vault.

" Loss of integrity of reinforcing steel and the associated suscepti-
bility to seismic load failure, and localized cracking of the con-
crete surface adjacent to rebar and the associated change in
hydraulic characteristics of concrete surfaces.

" Cracks in unreinforced roof plank joints.

" Cracks at construction joints in walls and floors.

* Relatively tight cracks limited to the surface caused by the differ-
ent drying rates of exterior and interior concrete.

(a) Winkel, B. V. 1992. "Grout Vault Asphalt Barrier Seismic Adequacy, Preliminary Report."
Memo from B. V. Winkel to R. K. Sanan, BVW-23420-92-001, Westinghouse Hanford
Company, April 21, 1992.
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Process or Mechanism Associated Degradation

" Short-term thermal stress - Tight cracks on the surface of the concrete produced by relatively
high thermal stress levels resulting from high thermal gradients
caused by heat of hydration during grout cure and cesium decay.

" Chemical reactions - While some long-term chemical degradation is likely, the conse-
quences should be minimal because chemical degradation reac-
tion products will tend to bond to the concrete and fill cracks,
and relatively few pore volumes of potentially chemically
degrading waters are anticipated to flow through the structure.
Some resealing is expected in seismically induced crack
openings.

The above-listed mechanisms and processes will take their toll over the extended life of the waste
disposal system (i.e., 105 years); however, the reinforced-concrete structure is assumed to exhibit rela-
tively high integrity for 1,000 years. This level of assumed integrity is a result of the initial integrity and
volumetric stability of the structure, the fact that the structure is buried and thus isolated from the
environmental extremes, and the alkaline character of the wastes. A principal mechanism leading to the
degradation of the integrity of the reinforced-concrete vault is the corrosion of the reinforcing steel and
waterstops caused by the advection and diffusion of waste constituents to the steel surfaces. While the
long-term performance of the asphalt liner inside the vault cannot be quantified, its presence and the role
it will play in impeding the migration of contaminants to the steel should be recognized.

Two classes of cracks are apparent from the preceding description: surface cracks and through-wall
cracks. Cracks are anticipated to occur on all concrete surfaces in response to rebar corrosion. Degrada-
tion of these surfaces could create preferential flow paths from a saturated flow perspective, and capillary
breaks or barriers to flow from the unsaturated flow perspective. However, the interior portion of the
concrete wall (i.e., concrete between the interior and exterior rebar mesh) should retain relatively high
integrity and low hydraulic conductivity. The integrity of the interior portion of the walls may be
adversely affected by the presence of rebar stirrups used to ensure the proper spacing of the rebar near the
exterior and interior surfaces. Releases will not occur solely because of surface cracks. On the other
hand, once through-wall cracks appear, they may represent conduits for the release of pore liquid from the
grout through the reinforced-concrete vault.

With the exception of the joints between roof-plank sections, the structure is assumed to function as
designed for 100 years. During the 100- to 1,000-year period, additional degradation of the roof-plank
joints is assumed to be accompanied by degradation of construction joints and the onset of concrete sur-
face degradation resulting from rebar corrosion. In addition to greater degradation of joints and concrete
surfaces, through-wall cracks (1-mm on I-m square grid) induced by rebar corrosion and seismic events
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are forecast to appear during the 103- to 10 4.year time period. During the final time period (104 to
Io0 years), which represents the indefinite future for this performance assessment analysis, cracks exist-
ing after 104 years become wider (e.g., 2 mm) and through-wall cracks caused by rebar corrosion and
seismic events become more closely spaced (e.g., 0.5-m square grid).

3.3.4 RCRA Flow Grid, Catch Basin, Sump, and Thermal Insulation Board

A RCRA secondary containment requirement is satisfied by the flow grid and catch basin elements
of the disposal system design. The flow grid or drainage net (see Figures 2.30 and 3.10) is composed of
high-density polyethylene (HDPE) strands bonded or cast to form a minimum 5-mm-thick mesh. Two
sheets of flow grid (total minimum thickness of I cm) are placed on the outer surface of the reinforced-
concrete vault. The flow grid is designed to direct any flow of liquids that might escape from the grout
through the steel-reinforced concrete vault to the catchment basin beneath the vault. This is followed by
a 60-mil (1.5-mm) HDPE curtain and a layer of geotextile. The flow grid is designed to direct any leach-
ate from the vault to the catch basin. The basin is filled with uniformly sized clean gravel. Flow directed
to the basin drains to the sump, which will be pumped to remove any drainage from the vault during the
first 30 years of vault service. The real function of this component of the engineered system is to contain
and capture liquids until the grout has set and free liquid is removed, a period of time measured in
months.

3.3.4.1 RCRA Flow Grid

The RCRA system is designed for a service life of 30 years. It is assumed that the components of
the system will function as a preferred path for any leachate from the waste disposal system for a much
longer period. The HDPE flow grid material should be chemically inert in the grout vault environment,
even in the presence of radiation. Radiation exposure causes crosslinking of polymer chains, thus reduc-
ing break strength and break elongation. These effects occur in the Mrad (106 rad) range, and become
most pronounced at doses of 16 to 37 Mrad. However, location of the flow grid and curtain outside the
concrete wall reduces the dose to about 14 rad. This dose will not have any effect on the HDPE material.
Although HDPE materials have been in existence only about 35 years, plastics experts(') believe that
properties of HDPE material should change very little, even for thousands of years. The only significant
physical modification envisioned is some reduced thickness in the flow net (originally 1 cm) because of
the viscoelastic (creep) response to external pressures. As noted in the following description of reinforced
concrete, forces originating in the corrosion of steel reinforcement may impact the flow path material but
not the overall conclusion that a vertical flow path will exist along the walls of the vault for thousands of
years.

(a) N. R. Gordon, PNL, personal communication.
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In all of the simulations where the HDPE flow grid was included, its hydraulic properties were

assumed to be those of backfill soil. Hydraulic properties were not measured for the flow grid. Hydraulic

properties for backfill soil were assumed because of the relatively high hydraulic conductivity of backfill

soil compared with other components of the engineered system.

3.3.4.2 Catch Basin and Sump

The catch basin is composed of reinforced concrete. It is assumed that the basin will degrade as the

reinforced-concrete vault is forecast to degrade. Relative movement between the drainage basin and
sump pit should be minimal because of the robust structural interface connecting the two structures. The
interface is constructed of reinforced concrete reaching a thickness of 4.572 m (15 ft) (see Figure 2.30 and
Appendix 0). A 26-in.-outside diameter riser made of carbon steel connects the sump to the land surface.
This riser protrudes through the asphall barrier above the sump. Initially, the sump is filled with gravel to

provide volume stability. During closure of the facility, the riser and sump will be backfilled with a grout
slurry. Corrosion of the carbon steel may provide a release pathway if saturated conditions were to exist
in the catch basin and sump. and if the asphalt barrier continuedto_ acLas an impermeable barrier (i.e. if
the asphalt barrier represents a perfect bathtub). It is not envisioned that the basin and sump will function
in this way; rather, it is expected that liquid under positive pressure (i.e., saturated ponding in the catch
basin and sump) would drain through the intact or degraded engineered system before significant levels of
ponding could occur within the structure.

3.3.4.3 Thermal Insulation Board

In addition to the 1-cm flow net, a 2.54-cm (I-in.) layer of relatively porous thermal insulation
board is placed between the flow net/HDPE curtain/geotextile and the asphalt barrier, as illustrated in Fig-
ure 3.10. This insulation board insulates both the steel-reinforced concrete and the HDPE materials from
the thermal shock of the hot asphalt barrier material as the material is placed and compacted during con-
struction.(a) An estimate for disintegration of this wood-based material is based on knowledge of wood
disintegration in the anticipated environment (asphalt coated, low moisture, low air availability). The best
estimate is that disintegration will be slow. Disintegration of this material is forecast to occur in the 100-
to 1,000-year time period and will lead to either the formation of a void between the flow net and asphalt

(a) Specifications (Kaiser Engineers Hanford Company 1989) for the asphalt barrier call for the mix
temperature not to exceed 171 0C (340*F) at the batch plant, to be not less than 126.50C (260*F)
at the rear of the laydown machine during placement, and to be not less than 88*C (190*F,
average lift mix temperature) before roller compaction is completed. Data collected when the
asphalt barriers around vaults 218-E-16-102 through -105 were placed demonstrated that place-
ment temperature was between 143.5 0C and 149*C (290*F and 300*F). Design specifications
for the grout formulation call for grout cure to occur at or below 900C. Estimates of grout
temperature resulting from the decay of radionuclides indicate a broad temperature plateau of
approximately 55*C (131*1) for a 35- to 50-year period, followed by a gradual decline to
ambient temperatures after 200 to 300 years.
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barrier wall, or to the gradual and continual compression of the thermal board in response to external
loads. In either case, it is anticipated that slumping of the ductile asphalt barrier wall into the space pre-
viously occupied by high-integrity thermal insulation board will be sufficient to produce cracks in the
vicinity of wall-roof joints in the asphalt barrier. As with the HDPE flow grid, the hydraulic properties of
the thermal insulation board were assumed to be the same as those for backfill soil.

3.3.5 Asphalt Barrier

This section presents a description of the initial state and dominant transport processes of the
asphalt barrier, an assessment of water-vapor diffusion, a forecast of degradation leading to cracks, and a
description of other degradation mechanisms contributing to surface degradation. The conceptual model
for transport of contamination through either an intact or degraded asphalt barrier includes simultaneous
advection and diffusion. Sorption is not modeled in the barrier, representing a conservatism in the
analysis. The flow of water through the asphalt-barrier media was modeled using the unsaturated flow
characteristics of the van Genuchten-Mualem model. In addition to the advection-diffusion of contami-
nants, the potential migration of water vapor as a mechanism to transport moisture to the concrete vault
and waste was considered. The conceptual models for the intact and degraded asphalt barrier are
described and model parameters are presented.

The van Genuchten-Mualem characterization of unsaturated hydraulic properties was adopted for
application to the asphalt barrier. The intact asphalt barrier is virtually impermeable to the flow of water
because water doesn't wet asphalt. The wetting properties of the fluid-solid interface are particularly
important in the unsaturated zone setting, where surface tension and capillary forces play a dominant role
in water flow. In addition, the asphalt initially has a very small porosity ( 4 vol%) available for water
flow, and the hydraulic conductivity of water for asphalt is very low. The low porosity undoubtedly pre-
sents a tortuous and largely unconnected flow path for liquid water within the asphalt. This influences
both the advection and diffusion of contaminants because the high likelihood of a disconnected water
pathway implies no contaminant migration in the liquid water phase. Thus, the advective and diffusive
components of transport associated with the liquid water phase in the asphalt are expected to be quite low.

In most cases considered in this performance assessment, transport from the grout near the time of
maximum impact is controlled by advection of and diffusion within the aqueous phase. However, water
vapor diffusion is an additional phenomenon that can contribute to advective release from the grout vault.
The pore solution of the grout has a high ionic strength because of the high concentration of salts in the
waste to be grouted. This high ionic strength depresses the vapor pressure over the grout. The relative
humidity in the pore space of the soil is expected to be very nearly 100%. Therefore, a driving force
exists for water vapor to diffuse from the soil through the asphalt barrier and concrete vault to the grouted
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waste. This mechanism provides a source of water at the grout surface independent of water infiltration
from the land surface. It is incorporated within the model by placing a source of water in the cracks of a
degraded structure to mimic the condensation of water vapor.

Degradation of the asphalt barrier will cause cracks to form and the asphalt mass to biodegrade.
When cracking occurs, advection through the asphalt barrier will be dominated by advection of water
through the-cracks. The mechanisms-that can lead to the development of cracks are described below. A
forecast for potential cracking of the asphalt barrier is also provided. As a result of surface degradation
attributed largely to biodegradation, the thickness of the intact barrier is gradually reduced and the effec-
tive diffusion coefficient increases with time.

3.3.5.1 Initial and Final States of the Asphalt Barrier

Flow and transport properties for the asphalt barrier are important to the analysis in this perform-
ance assessment. While intact, the asphalt barrier controls both the ionic diffusion and advective trans-
pon from the system. In addition, it serves as a barrier to water vapor diffusion. Model parameters for
ionic diffusion and advective transport, as well as water-vapor diffusion, are described below.

Diffusion of radionuclides and chemical species through the asphalt barrier is an important process,
because the diffusion coefficients in this media are the lowest of those throughout the engineered struc-
ture surrounding the grout. The diffusive and advective releases to the environment of mobile con-
taminants from the grout are controlled to low levels by the asphalt barrier while the barrier is intact.
Advective releases become more significant as the hydraulic properties are changed over time by
degradation.

The solid asphalt barrier consists of a mixture of asphalt and aggregate that is similar to a road pave-
ment, except that the barrier is designed to contain less than 4% voids rather than -10% as is typical for
pavement. The mix contains 7.5 ± 0.5 wt% asphalt, which is approximately 16.2 vol% at the minimum
asphalt content. The resulting barrier is a much higher quality product than common road pavement.

Literature Support for Asphalt Barrier Diffusivity. In selecting a diffusivity value for the bar-
rier, literature values for the rate of diffusion through the individual components were used. This
approach was taken because literature values for diffusion of salts in asphalt/aggregate mixtures are not
available. Diffusion in asphalt has been reported by several investigators. Their articles are described
below and summarized in Table 3.8.

Daiev and Vassilev (1985) measured the diffusion of strontium-90 into asphalt. In their experi-
ments, strontium-90 was diffused into an asphalt layer for periods of 6 and 12 years. At the end of these
time periods, the asphalt was cooled in liquid nitrogen and sliced into 30-micron layers. The thin asphalt
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Table 3.8. Literature Values for Diffusion Through Asphalt

Diffusion
Coefficient Experimental

Source Species (cm 2/s) Configuration

Daiev and Vassilev (1985) Sr 3 x 10-12  Tracer diffusion profile
Amarantos et al. (1985) Na 1.1 x 10~- Leaching
Westsik et al. (1984) Cs, Sr 1 x 10-13 Leaching
Fitzgerald et al. (1970) Na 7.1 x 10-11 Leaching

layers were dissolved in benzene and the radioactivity counted. This technique produced profiles from

which the diffusion coefficient was calculated. It varied from 1.2 x 10-12 to 3,0 x 10-12 cm 2/s and was

found to have a slight dependence on concentration.

Amarantos et al. (1985) studied the leaching behavior of nitrate salts immobilized in asphalt. The
study included samples containing 20 to 60 wt% sodium nitrate immobilized in asphalt. The calculated
diffusion coefficients of these samples ranged from 8 x 10-1) cm 2/s to 1.1 x 10-1 cm 2/s (for sodium

leaching). It should be noted that in this type of leaching experiment, diffusion may not be the dominant

release mechanism. This possibility is discussed in more detail below.

Westsik et al. (1984) performed leach tests on incinerator ashes immobilized in asphalt. The effec-

tive diffusion coefficient for cesium and strontium was approximately I x 10-13 cm 2 /s, measured with the

ANS 16.1 procedure. Radioactivity up to i0 rads did not significantly affect the measured values.

Fitzgerald et al. (1970) investigated the immobilization of evaporator concentrate at Oak Ridge
National Laboratory (ORNL) using asphalt. The asphalt samples were leached in water and diffusion

coefficients were calculated. The effective diffusion coefficient for sodium was approximately
7.1 x 10-1I cm 2/s.

Researchers at Brookhaven National Laboratory (Fuhrmann et al. 1989, Dougherty et al. 1986) per-
formed numerous tests on asphalt with various loadings of anhydrous sodium tetraborate, including small
amounts of cesium-137, strontium-90, and cobalt-60. Leaching in the presence of the sodium tetraborate
could not be described by simple diffusion. The leaching progressed by hydrating salts and forming liq-
uid pockets within the waste form. The pockets would then rupture, releasing the contaminant. This
process was confirmed by photographing the surface with an electron microscope. The leach rates were
very low for a period (1 year for 20% loading), and then accelerated. The rate of water diffusion into the
sample was initially 5 x 10- cm 2/s (determined using tritiated water) but as the sample swelled, the rate
increased to 1.3 x 10-9 cm2/s.
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There are several sources of uncertainty in the data described above for application to diffusion in
the asphalt barrier. When waste is mixed into an asphalt waste form, the salt particles are not in solution.
The salt concentration in the asphalt directly adjacent to a salt particle provides the driving force for dif-
fusion. This concentration may be less than the bulk average concentration, depending on the waste load-
ing. An analogous situation will exist in the asphalt barrier in that the salt concentration in the pore fluid
of the concrete will be higher than the concentration in the asphalt. This uncertainty does not apply to the
work done by Daiev and Vassilev (1985), because their data were based on actual salt concentrations in
the asphalt.

As salts immobilized in asphalt begin to leach, the mechanism for release is not usually diffusion of
-contaminant through the asphalt. instead, water vapor diffuses into the asphalt, forming saline inclusions
and causing the asphalt to swell. When a saline inclusion ruptures, the contents are introduced into the
leach solution. If this mechanism is dominating or contributing to release from the asphalt during the
experiment, the calculated diffusivity of the contaminant in the asphalt is biased high.

In addition, the literature described above did not involve the asphalt material actually used in the
grout vault construction and the reported studies were not conducted for the contaminants of interest in
the grout performance assessment. Because of the uncertainties related to the literature information,
experiments were conducted to support values adopted for the effective diffusion coefficient in the
asphalt barrier.

Experimental Support for Asphalt Barrier Diffusivity. Two types of experiments were per-
formed to quantify diffusion through the asphalt barrier. In the first experiment, asphalt (without aggre-
gate) was placed in 1.3-cm- (0.51-in.-) deep x 3.2-cm- (1.3-in.-) square Teflon polytetrafluoroethylene
(PTFE) molds. The molds were then immersed with one face of the asphalt exposed to a 4 molar NaNO 3
solution spiked with either 99TcO$ or cesium- 137. At selected times the sample was sectioned into
20-micron slices and analyzed. The diffusion coefficient was calculated from the profile of the contami-
nant concentrations within the asphalt. The values derived from the diffusion profile within the asphalt
are shown in Table 3.9. The values in the table clearly support the value of 1 x 10-10 cm 2/s as a conserva-
tive estimate because all the measured diffusivities are lower. The values derived from the experiment
are for pure asphalt. The incorporation of aggregate in the barrier should reduce the diffusion coefficient
by a factor of 0.162 (volume fraction asphalt in barrier) to account for the smaller cross-sectional area
available for diffusion.

In the second experiment, diffusion in the asphalt barrier was evaluated by leaching spiked cylin-
ders of laboratory-prepared asphalt barrier material. The tracer was first dried onto the aggregate. The
tracer samples contained one of these pairs: nitrate and iodine-125, nitrate and 99TcO4-, cesium-137, and
60C02'-EDTA. The aggregate was coated with asphalt and compacted into a cylinder. The cylinder was
leached to determine the effective diffusion coefficient. The results, summarized in Table 3.10, confirm
that a value of I x 10-0 cm2/s is a conservative diffusion coefficient for the asphalt barrier, and provide
evidence that the aggregate does not act in some way to accelerate the release.
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Table 3.9. Asphalt Diffusivity from Concentration Profile in Asphalt Following Immersion Test

Contaminant

137+

NO3
94TO4

Diffusion
Coefficient

(cm 2/s)

6.1 x -
5.1 x 10-13
1.5 x 10-l

Table 3.10. Effective
Material

Diffusion Coefficients from ANS 16.1 Leach Tests of Compacted Asphalt Barrier

Contaminant

1251-
99 rc0;-
137Cs*

60CO 2+_

EDTA
NO3

Diffusion
Coefficient(a)

(cm2/s)

4.5 x 10-12
2.3 x 10-1'
<5 x 10-14
8.3 x 10-12

5.7 x 10-"

(a) Diffusion based on the concentration driving force
calculated in the asphalt phase. Cumulative 330-day
leach data. Samples not cured at elevated tempera-
ture. Samples cured at elevated temperature leached
more slowly, presumably because the aggregate was
more completely coated.

Initial Diffusion Properties of the Asphalt Barrier. Both the experimental results and the litera-
ture support a value of I x 10-10 cm 2/s as a conservative estimate of diffusivity for all contaminants in the
asphalt barrier. Use of this value is consistent with modeling diffusion as occurring in the asphalt phase,
with no diffusion through the void space or mineral aggregate. Appendix K provides additional details of
the work performed to support the ionic diffusivity selected. As with the concrete vault, no retardation of
contaminants was assumed in the asphalt barrier.

Hydraulic Properties of the Intact and Biodegraded Asphalt Barrier. Asphalt is hydrophobic;
it is not wetted by water. On the basis of this physical reality, it was assumed inidally that for unsaturated
environments the asphalt barrier was essentially impermeable. In order to reproduce this physical situa-
tion in the model of the asphalt barrier for the central sensitivity case (see Sections 3.6.1 and 3.6.5.1), the
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barrier was assigned the properties shown in Table 3.11 for an initially impermeable material. The satu-
rated moisture content was set to 16.2% volume to reflect the volumetric space associated with diffusive
transport. However, the saturated hydraulic conductivity was set to 1020 cm/s, essentially eliminating
any actual water movement. Consequently, with respect to the hydraulics of the barrier, the assigned
values for 0" Or, a and n do not influence the simulation and they were arbitrarily selected. Zones of the
asphalt barrier identified as cracks were simply modeled as backfill soil.

Measured hydraulic properties of the asphalt material using water are not available. Because of the
low affinity of water for asphalt and the very low hydraulic conductivity of this material, it is expected
that transport of water through the intact barrier under unsaturated conditions will be a vapor diffusion
phenomena rather than a liquid water phase phenomena. However, an estimate of water permeability was
obtained from tests in which the nitrogen permeability was measured (Clemmer et al. 1992). In these
tests, 15-cm- (5.9-in.-) diameter core samples of the field-placed barrier were sectioned into 10-cm
(3.9-in.) samples and tested for nitrogen permeability. One side of the sample was pressurized with nitro-
gen to 50 torr (50-mm Hg, 0.97 psi) and then the change in pressure with time was measured to determine
the permeability of the sample. These experiments indicate a nitrogen permeability of 1.1 x 1011 cm/s.
This value was adjusted based on viscosity to arrive at a saturated hydraulic conductivity of
2 x 10-3 cm/s for water. This value is considerably higher than the I x 10-20 cm/s value used for the
asphalt barrier in the central sensitivity case. When the nitrogen permeability-based estimate of liquid
water saturated hydraulic conductivity was known, it became the basis for selecting 1 x 10-11 cm/s as the
initial K, for the asphalt barrier in the central compliance case (see Section 3.6.2 and 3.6.3.1). Table 3.11
shows the van Genuchten-Mualem parameters for the initial, permeable model of the asphalt barrier. As
implemented in the unsaturated zone numerical model, the van Genuchten-Mualem model is based on
saturation (i.e., saturation = 0/0,), and the resulting saturation was simply sealed to the porosity assigned
to the barrier material. Thus, the porosity of initially permeable and biodegraded asphalt materials differs
from the materials' saturated moisture content.

After the asphalt is biodegraded, it is assumed that only the aggregate remains. The assumed
particle-size distribution of the asphalt aggregate is similar to that of the backfill soil. Thus, the saturated
hydraulic conductivity for completely degraded asphalt was assumed to be 3 x 10-2 cm/s (i.e., the value

Table 3.11. Hydraulic Properties for the van Genuchten-Mualem Model Applied to the Asphalt Barrier

Asphalt Barrier Porosity 0, o a (cm-1) n K, (cm/s)

Initially Impermeable 0.162 0.162 0.0 1.0 x 10-7 2.0 1 x 10-20

Asphalt Cracks 0.371 0.371 0.045 0.0683 2.080 1 x 10-11
Initially Permeable 0.04 0.371 0.045 0.0683 2.080 1 x 10-11
Biodegraded 0.202 0.371 0.415 0.0683 2.080 3 x 10-2
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for backfill soil). The van Genuchten-Mualem parameters for a biodegraded asphalt barrier have been
selected from those of backfill soil (see Table 3.11). However, the porosity was set to 20.2% volume, the

total of asphalt and air-filled porosity in the asphalt barrier. The relative saturation predicted by the back-
fill soil water retention model was simply scaled to the total porosity of 0.202. The relatively high
hydraulic conductivity of the aggregate that remains after biodegradation will support the transmission of
significant amounts of water. Assigning modified backfill soil properties to the degraded asphalt material
should support a smoother computational transition at the interface between asphalt and backfill soil.

Bottom Asphalt Barrier for Vaults 102-105. The asphalt barrier beneath the first four vaults
(vaults 102-105) is composed of a 46-cm (18-in.) layer of asphalt barrier on top of a 46-cm layer of
asphalt-coated gravel. On the top and sides of vaults 102-105, a barrier consisting only of asphalt barrier
material has been installed. A 1-m-(3.3-ft-)thick asphalt barrier will completely surround future vaults.

In this effort to simulate the response of all 33 vaults, the layering of asphalt barrier and asphalt-
coated gravel has been ignored for these 4 vaults. A 1-m (3.3-ft) asphalt barrier is modeled everywhere.
The actual difference in transport behavior for the lower asphalt barrier for the first four vaults is expected
to be small. The diffusivity of the asphalt-coated gravel barrier for ionic species was measured at
<2.5 x 10-' cm 2/s (below detection limit), based on experimental measurements made with an electrical
conductivity technique.(a)(b) The experiments were performed with a centrifuge to control the water
content at a desired value while measuring the electrical conductivity of the sample with a 1-kHz conduc-
tivity bridge. The electrical conductivity was then converted to a diffusivity using the Nemst-Einstein
equation. The method was validated against half-cell measurements for soil from the grout site and
against literature correlations used to predict soil diffusivity.2)

3.3.5.2 Water Vapor Diffusion

The phenomenon of water vapor diffusion is the primary reason for constructing the Grout Disposal
Facility with an asphalt barrier instead of a porous media backfill. Water vapor diffuses with relative ease
through a porous media barrier. However, the low-void asphalt barrier provides an excellent barrier to
the diffusion of water vapor. In preliminary calculations, when the asphalt barrier was assumed to be
impermeable, water vapor diffusion played a dominant role in release calculations because it provided the
majority of the water contacting the waste. While the significance of water vapor diffusion has dimin-
ished in current release calculations because of the assignment of higher permeability and the resulting
advective-dominated release, the phenomena still exists because of the high salt content of the wastes.

(a) Conca, J. L. et al. Experimental Determination of Diffusivity in A Gravel Cocoon. December
1988. Pacific Northwest Laboratory.

(b) Wright, J. V. et al. Experimental Detection of Diffusivity in Asphalt-Coated Gravel. March
1988. Pacific Northwest Laboratory.

(c) Conca, J. L. et al. Comparison of Diffusion Coefficient Measurement Techniques for Gravel
Diffusion Coefficient Validation. Draft Letter Report, August 1989. Pacific Northwest
Laboratory.
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Water vapor diffusion is not expected to lead to significant radionuclide releases (relative to dose
limits in exposure scenarios) while the asphalt barrier is intact. Experimental measurements of water
vapor diffusion through the asphalt barrier were made with laboratory-prepared specimens at different
asphalt contents and samples compacted to different void contents. In addition, measurements were per-
formed on core samples of the barrier taken from the vaults that are constructed. The details of the
experimental measurements are described in Appendix L. The water vapor diffusivity is less than
approximately 2 x 10-5 cm 2/s when the barrier material contains less than 4% voids and has at least
7.0 wt% asphalt, corresponding to the maximum void content and minimum asphalt content for barrier
placement. The diffusivity decreased as the asphalt content increased or the void content decreased.

Water vapor diffusion becomes potentially significant if the asphalt barrier cracks as it degrades.
The relative importance of water vapor diffusion is increased if advection through the grout is limited by
a capillary break such as that provided by the gravel layer currently planned to be placed over the grout
vault. The following paragraphs describe example calculations for water vapor diffusion. The first calcu-
lation is based on the assumption that the asphalt barrier is intact. The second calculation includes the
effect of cracks on the barrier.

Intact Barrier. The grout vault was modeled to be isothermal at 17*C (62.6*F), indicating a time
after the majority of cesium- 137 has decayed and the grout has reached thermal equilibrium with the soil.
While the vault is warmer than its surroundings, the gradient for water vapor diffusion is expected to be in
the opposite direction or less than the gradient observed under isothermal conditions. Despite the arid cli-
mate and relatively low moisture contents in the soil column, the relative humidity in the soil surrounding
the vault is expected to be nearly 100%. Measurements of relative humidity with thermocouple psy-
chrometers have been made on grout samples obtained from a pilot-scale grout production test that used
nonradioactive, simulated DSSF waste. An average of nine measurements indicated a relative humidity
of 83%. This depression is assumed to exist at the inside of the asphalt barrier at the concrete vault's
exterior. For this calculation, the concentrations of iodine- 129, technetium-99, and salts causing the
vapor pressure depression are assumed to be evenly distributed throughout the porosity of the grout, non-
contaminated grout, and concrete, resulting in a relative humidity of 88%.

A rate of water vapor diffusion into the vault was calculated using the one-dimensional Fickian dif-
fusion equation: rate equals product of cross section, diffusion coefficient, and concentration gradient.
This water vapor was assumed to condense as pore fluid on the vault surface and combine with recharge
moving through the unsaturated zone to the unconfined aquifer.

From the water vapor pressure at 17 0C, 100% relative humidity in the soil, 88% relative humidity
on the inside of the barrier, and an ideal gas assumption, the dC term was calculated as 1.74 x 10- g/cm 3.
The thickness of the barrier was assumed to be 3 ft (91.4 cm) and its surface area was 3 x 107 Cm2. Using
these values and a diffusion coefficient of 2 x 10-5 cm 2/s provided a mass diffusion rate of 1.14 x 10-5 g/s
(0.36 L/yr) for each vault.
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Cracks in Barrier. When the asphalt barrier is cracked, the cracks provide a more direct pathway
for water vapor diffusion. The rate of water vapor transport in the cracks was estimated as shown above,
based on the water vapor diffusivity in air and the area of the crack. With a cross sectional area of crack
of 1 cm 2, water vapor diffusivity in air of 0.24 cm2l/s, and a concentration change of 1.74 x 10-6 g/cm 3

over the 91.4-cm- (3-ft-)thick barrier, the mass rate of water diffusion is 4.58 x 10-9 g/s (0.14442 g/yr) per
each 1 cm 2 of crack.

This calculation is based on the assumption that the resistance of solute transport in the crack was
negligible in both directions, toward the points of condensation and evaporation. In addition, the crack
was assumed to be straight and clear of any debris. This assumption conflicts with that used for the
numerical simulations where the cracks were assumed to have the pore structure of backfill soil. How-
ever, this assumption was used because assuming a crack filled with backfill soil represents a conserva-
tive approach for flow calculations where advection dominates, and assuming an empty crack represents a
conservative approach for vapor diffusion calculations.

For a 37-m (length of the vault) crack, I-cm wide, the area is 3,700 cm 2, resulting in the following
water diffusion rate:

(4.58 x l0-9 g/s Cm 2)(3700 cm 2) = 1.69 x 10 5 g/s ( or 0.534 L/yr) (3.8)

This mass flow rate through such a crack is more than the amount of water diffusing though the
entire intact barrier (0.36 L/yr). Thus, a I-cm (0.39-in.) crack the length of the vault can potentially trans-
mit more water than what diffuses through the rest of the intact barrier. Although the impact for this
crack alone would not be significant, as cracks are postulated to become larger and more numerous over
time, the potential exists for water vapor diffusion in the degraded barrier to be significant.

Water vapor diffusion from the soil to the grout was incorporated into some of the numerical simu-
lations, particularly those for compliance cases (see Section 3.6.2.6). Water vapor diffusion was modeled
as a source of water within the problem. In reality, the water condensing on the grout would originate
from the soil column, however, no water is removed from the soil in the model to account for this. Such a
treatment results in an increase in the amount of water in the soil column. The water vapor return rate is a
fraction of the total recharge to the site.

Water Vapor Return in the Flow and Transport Model. The vapor returned to the high salt
content waste is assumed to condense and form a liquid source of water in the space adjacent to the con-
crete or waste. When the asphalt barrier is intact, water vapor return has been shown to be small.
Because diffusion through an array of cracks will be greater than through the intact barrier, water vapor
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diffusion through the intact barrier was not evaluated. As the asphalt biodegrades, or as cracks form, the
vapor is attracted to the exposed surface of the concrete and was assumed to be proportional to the areas
of the exposed vault surface.

3.3.5.3 Degradation of the Asphalt Barrier

An asphalt barrier(a) has been analyzed for the effects of degradation. However, the thick, high-
quality asphalt planned for use in the vault asphalt barrier will not be exposed to all of the stress and
degradation mechanisms to which the more commonly used forms of asphalt pavement are exposed. The
dominant processes that degrade the much lower quality and thinner asphalt pavements are direct expo-
sure to daily and seasonal cycles of hot and cold temperatures, sunlight, and traffic loads. Processes
anticipated to contribute to asphalt barrier degradation are summarized in Table 3.12 and Appendix Q.

Table 3.12. Processes Anticipated to Cause Asphalt Barrier Degradation

Process or Mechanism

" Oxidation of asphalt

" Volatilization of asphalt

* Age hardening of asphalt

Associated Degradation

" Oxidation will begin at the surfaces of the asphalt barrier. The
bulk of the asphalt in the barrier will oxidize over time. This
mechanism will contribute to the brittleness of the barrier.

- Volatilization will probably happen early in the life of asphalt
and will increase the asphalt's brittleness. The impact of vola-
tilization on the flow or creep properties of asphalt will depend
largely on the thermal environment the barrier experiences after
placement, i.e., grout cure and radiolyfic heating.

" Age hardening and polycondensation reactions affect the bulk
properties of asphalt and will result in increased brittleness.
This phenomena could have a significant impact on crack for-
mation in the asphalt barrier. The rates tend to slow with time,
but at some point can inhibit the crack healing processes
because of the asphalt's decreasing ability to flow or creep.

(a) The design specification for the asphalt barrier calls for an asphalt content of 7.5 ± 0.5% by
weight of the total asphalt mixture. Aggregate pretreated with an anti-stripping additive will
therefore comprise 92.5 ± 0.5% by weight of the total. Placement specifications call for com-
paction to a minimum 96% of maximum density, and to less than 4% by volume of air void
(Kaiser Engineers Hanford Company 1989).
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Table 3.12. (contd)

Process or Mechanism Associated Degradation

* Flow and creep of asphalt

" Thermal board disintegration

" Short-term seismic stresses

" Long-term seismic stresses

" Thermal stress

* Construction joint weakness

" Biodegradation

* Based on the above processes, one subjective estimate is that
the barrier will tend to flow and creep for up to 100 years.
However, flow and creep behavior is expected to constantly
decrease. After 100 years, flow and creep will not occur.

* Cracks (5 mm; horizontal and vertical) in the wall-roof joint
area caused by slumping of the asphalt barrier wall in response
to thermal board disappearance.

" No cracks; the probability of significant seismic loading is low
in the near term and the asphalt is relatively ductile.

* Cracks will be extended or initiated in the hardened or
embrittled asphalt, accelerating hardening of the overall cross
section of asphalt. Asphalt hardening should be a surface
phenomena.

* No cracks; thermal stresses are highest in the first 300 years
and the asphalt should be relatively ductile, reducing the proba-
bility of thermal cracking.

" No cracks; the surface preparations and the healing nature of
fresh asphalt are expected to make this weakness insignificant.
This expectation of cold joint strength was partially confirmed
in tensile testing.

* Biodegradation of exposed surfaces has been confirmed with a
measured value for AR-6000 asphalt of 1.17 x 104 cm/yr
(Luey and Li 1993) after 310 days in contact with wet (70%
saturation) soil. It is postulated that the increased surface area
exposed by cracks could accelerate biodegradation and result in
an increased effective size of cracks. A rate of 1 x 104 cm/yr
is a best estimate of actual long-term biodegradation in
relatively dry soils. Biodegradation is a surface phenomena
and it is anticipated that the rate of biodegradation will
decrease over time. The barrier is not expected to disappear;
rather, it should exist beyond 100,000 years.
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The asphalt barrier will be buried in a dark and humid soil environment where biodegradation of
exposed asphalt surfaces by microorganisms can occur. During the first 100 years following disposal, the
asphalt barrier will be exposed to elevated temperatures caused by the heat generated as the grout cures
and from the effects of radiolytic heat generated within the grout. The elevated temperatures may
accelerate condensation reactions within the asphalt, cause the loss by volatilization of some low molecu-
lar weight organic compounds, and accelerate oxidation of the asphalt. The loss of volatiles will be
limited by the thickness and permeability of the barrier. To escape the barrier, the low weight organics
must diffuse to the surface of the asphalt barrier, the low weight organics must diffuse to the surface of
the asphalt barrier. Because of the low permeability of the asphalt barrier, oxidation resulting from
contact with air will be primarily a surface phenomenon. These processes increase the asphalt's viscosity,
making the barrier more susceptible to cracking when exposed to seismic stresses over very long time
periods (1,000 to 100,000 years). Eventually, the asphalt may become brittle and suffer significant
cracking and biodegradation.

A preliminary analysis of the structural integrity of the asphalt barrier was completed.()
Structural properties of asphalt cores were measured and used to analyze the asphalt barrier under normal
conditions and under a 0.25-G peak acceleration dynamic event. The analyses were for long-term
(100 yr) linear creep and for a short-term seismic response. The analyses led to conclusions that neither
creep of the fluid asphalt nor cracking of the barrier would be significant.

The conceptual model of asphalt degradation, divided into four periods (0 to 100, 100 to 10', 10 3 to
104, and 104 to iW5 years), begins without any significant degradation in the first 100 years. During the
second time period, cracks appear in the upper comers in response to degradation of the thermal
insulation board; however, no additional cracks occur until the final period. As a result of embrittlement
and recurring stresses related to seismic events, a pattern of 1-mm through-wall cracks on a 1-m (3.3-ft)
grid appears during the 10 to 105 year period. It is unlikel y that these patterned cracks would appear at
one time or after only 10,000 years.

3.3.6 Permanent Isolation Barrier, RCRA Cover, Gravel Layer and Backfill Soil

Three components of the engineered disposal system lie between the land surface and the upper
surface of the asphalt barrier: the permanent isolation barrier, RCRA cover, and gravel layer. Each is
designed to limit or redirect infiltration from contacting and leaching the wastes. Between the isolation
barrier and the RCRA cover lies a layer of soil. Similarly, between the RCRA cover and gravel layer lies
a layer of filter sand.

(a) Kaiser Engineers Hanford Company. Draft, Issue D, May 1993. Diffusion Material
Characterization Testing and Analysis Summary. Engineering Report B714ERI. Kaiser
Engineers Hanford Company, Richland. Washington.

September 19943.59



WHC-SD-WM-EE-004, Rev. I

3.3.6.1 Permanent Isolation Barrier

Located at the soil-atmosphere boundary, the isolation barrier acts to recycle annual precipitation to
the atmosphere by storing the precipitation in 2 m (6.6 ft) of silt-loam soil until the action of evapo-
transpiration can remove the water during the growing season. The details of this component of the
engineered system (described in Section 2.7) are not modeled directly in the vadose zone simulation con-
ducted here. Rather, the results of research on isolation barriers and recharge have been used to estimate
a maximum average annual recharge that could occur through the protective barrier (design objective is
0.05 cm/yr). Gee et al. (1992) reported the results obtained on the 200 Area plateau at the Hanford Site
from lysimeters containing silt loam. Lysimeters that were exposed to two times (2X) normal precipita-
tion from 1987 through 1990 produced no drainage regardless of the presence or absence of plants.
Unpublished data from continued monitoring of these lysimeters, which have since been exposed to three
times (3X) normal precipitation, reveal no drainage from vegetated lysimeters but drainage thmugh
lysimeters maintained free of vegetation. A 0.1-cm/yr annual average recharge rate is selected based on
the existing research; this rate is conservative with respect to both the reported research and the design
objective of the isolation barrier program (see Section 2.1.7.4 and Appendix F).

The potential response of waste disposal systems to a greater recharge rate is of interest. Greater
recharge could be a consequence of a variety of future events, e.g., climate change arising from changes
in greenhouse gases or the onset of the next ice age, unforeseen degradation of the protective barrier
system, or future agricultural land use resulting in irrigation on the Hanford Site and directly over the
waste. The design life of the protective barrier system is 1,000 years; however, features such as the
gravel admix included in the upper soil layer to prevent excessive wind erosion should enable the barrier
to function indefinitely. Historically, the possible effects of greater recharge have been examined by
analyzing system response to a uniformly applied 5-cm/yr recharge rate (U.S. DOE 1987, Appendices 0,
P, and Q). This performance assessment examines the potential impacts of greater recharge by simulating
the effects of an increase of 5 cm/yr of recharge uniformly superimposed on present-day recharge for the
entire Hanford Site. The potential impacts of irrigated agriculture on the unconfined aquifer will also be
analyzed by applying incremental amounts of recharge on the present-day situation.

3.3.6.2 RCRA Cover

The RCRA cover is located between the base of the protective barrier and the upper surface of the
asphalt barrier. Its purpose is to divert recharge away from the engineered structures containing waste. It
is included in the engineered system to fulfill a RCRA requirement. The design requirement for saturated
hydraulic conductivity of the RCRA cover is less than or equal to 1.0 x 10- cm/s (3 cm/yr). The barrier
is composed of a mixture of two natural materials, fine soil and clay. The mixture, and its field place-
ment, will be tested to assure compliance with the requirement for saturated hydraulic conductivity.

The cover has a design or service life of 30 years. However, it is composed of natural materials and
in the vadose setting at the Hanford Site, it is expected to retain its unsaturated hydraulic properties and
function as designed indefinitely. It will limit direct infiltration of recharge to its saturated hydraulic
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conductivity, thus limiting water contact with the engineered system to a maximum of 3 cm/yr. In the
nominal case of continuous 0.1-cm/yr recharge, a recharge rate well below the saturated hydraulic con-
ductivity of 3cm/yr, virtually all of the recharge will move through the RCRA cover in an unsaturated
state. However, in the high recharge case (=5 cm/yr) where the isolation barrier is ineffective, the RCRA
cover will limit direct recharge to 3 cm/yr and will redirect the additional infiltration to the right side of
the modeled cross section (see Figures 2.31 and 3.2). Note the conclusion, that the 0.1-cm/yr recharge
rate will be transmitted through the RCRA cover, is based primarily on simulations that use an arithmetic
intemodal averaging scheme for hydraulic properties. The decision to use this scheme in simulations is
based on analyses reported in Appendix H, Section H.5.4.

3.3.6.3 Gravel Layer

The gravel layer is placed immediately above the asphalt barrier and will be covered with a layer of
filter sand. Because the sand is composed of fine soils (low air entry potential) and these same fines are
absent from the gravel (high air entry potential), water infiltrating through the RCRA cover and sand will
be routed to the right side of the engineered system in the sand (see the modeled cross section in
Figure 3.2) rather than allowed to drain through the gravel layer.

3.3.6.4 Backfill Soil

The Grout Disposal Facility is constructed in an excavation. The vault and its surrounding engi-
neered system is entirely buried when completed. Excavated soil is stored and later used to backfill
around and above the engineered structure. Soil from the first excavation has been sampled and charac-
terized for use in these simulations. The physical properties (e.g., particle size distributions) for backfill
soil and filter sand are similar. In the absence of measured hydraulic properties for the filter soil, the
hydraulic properties of backfill soil will be used for the filter sand.

3.3.6.5 Hydraulic Model Parameters for the Overlying Barriers

Of the overlying barriers described, the RCRA cover and gravel layer are simulated within the
unsaturated zone profile. These are separated by filter sand and covered by backfill soil. As noted, the
filter sand is assigned the hydraulic properties for this analysis because of the physical similarity in the
two media.

The RCRA cover is composed of a mixture of fine soi l and clay and must satisfy a design require-
ment for saturated hydraulic conductivity of 1.0 x 10-7 cm/s. Three samples were prepared and character-
ized in the laboratory.

Specifications call for the gravel to be washed and sieved before placement to remove fines and
large rock. Thus, it is uniform and clean, and as a result its hydraulic characteristics in an unsaturated
environment are distinctly different than those of a common gravel or soil. While such a gravel has a
relatively high saturated hydraulic conductivity because of its open porosity, it acts as a barrier to water
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flow in the unsaturated zone because of its relatively low unsaturated conductivity and its relatively high
(near zero) air entry potential. Two gravel samples were characterized for unsaturated hydraulic proper-
ties, and only one for saturated hydraulic conductivity. The hydraulics of backfill soil were completely
characterized for two samples. Laboratory data and methods for the characterization work, and methods
of developing the hydraulic model parameters, are reported in Appendix J. The values of saturated
hydraulic conductivity and of the van Genuchten-Mualem parameters are shown in Table 3.13. The soil
characteristic curves are presented in Section 3.4.1.3 after material properties have been presented for all
the media in the unsaturated profile.

3.3.6.6 Transport Model Parameters for the Overlying Barrier

Transport phenomena considered within materials of the overlying barriers were diffusion and
sorption. Diffusion through unsaturated soils and sediments is provided below and applies to all media
except gravel. A separate discussion of diffusion through gravel materials is provided. Sorption proper-
ties assigned to backfill soil are listed for the different transport groups.

Diffusion in Unsaturated Soils and Sediments. Water content is known to affect diffusion, and
hence the effective diffusion coefficient, in unsaturated soils (Kemper and van Schaik 1966). The
molecular diffusion coefficient for all species in pore water was assumed to be 2.5 x 10-5 cm 2/s. In this
analysis, the effective diffusion coefficients for the RCRA cover, backfill soil, and underlying natural
sediments of the unsaturated profile were modified according to the empirical relationship published by
Kemper and van Schaik (1966) (i.e., Eq. 3.4 in Section 3.2.5.2).

Data collected by Olsen, Kemper and van Schaik (1965) and Porter et al. (1960) for soils using
sodium chloride as the diffusing species fit Equation 3.4 with "b = 10" and "a" being a function of soil
surface area. The soils used in these studies ranged from sandy loam to clay soils, with the value for "a"
ranging from 0.005 to 0.001, respectively (Olsen and Kemper 1968)

To be consistent with the measured data, values of "a" and "b" were selected as 0.005 and 10,
respectively, for this performance assessment. These coefficients were measured for several Hanford
soils using NaNO 3 in a half-cell diffusion experiment. The coefficients determined in the experiments
gave comparable estimates of the effective diffusion coefficients in the soil at expected water contents.

Table 3.13. Hydraulic Properties for the RCRA Cover, Gravel Layer and Backfill Soil

Medium OS Or a (cm') n K, (cm/s)

RCRA Cover 0.448 0.0 5.39 x 10-4 1.324 1.0 x 10-7
Gravel Layer 0.5180 0.0140 3.5366 2.661 1.85
Backfill Soil 0.3710 0.0045 0.0683 2.080 0.03
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Diffusion in Unsaturated Gravel. Diffusion in a gravel medium has been experimentally deter-
mined.(a) Because of the low rate of diffusion in open gravel, traditional half-cell diffusion measure-
ments were difficult and time consuming to perform. Therefore, an electrical conductivity technique
similar to that used for measuring diffusivity of ions in water was developed and applied for measuring
diffusivity in gravel.(a) The technique showed good agreement with both the literature and the half-cell
experiments for soils.(b)(c) Measurements were obtained for a suite of four types of angular crushed
gravel: 1) a river gravel composed of fractions of basalt, granite, gneiss, and quartzite; 2) a gravel com-
posed entirely of basalt particles; 3) a gravel composed entirely of granitic particles; and 4) a gravel com-
posed entirely of quartzite particles. Quartz gravel exhibited the lowest effective diffusion coefficients.
The 4.0- to 6.3-mm quartz gravel had values ranging from 2.0 x 10-10 cm 2/s to 9.9 x 10-10 cm2/s for volu-
metric water contents from 0.47% to 2.7%, respectively. Basalt gravel exhibited the higher values typical
of basalt, granite, and river gravel. The effective diffusion coefficients for the 4.0- to 6.3-mm basalt
gravel ranged from 3.8 x 10- cm 2/s to 1.3 x 10-7 cm 2/s for volumetric water contents from 0.81% to
5.1%, respectively. For the <2% volumetric water content expected to exist in the gravel layer, the
effective diffusion coefficient of gravel is at most I x 10-8 cm 2/s for the gravel studied.(d)

An asphalt coating was applied to gravel to determine the potential influence of a hydrophobic sur-
face coating. Such a coating will lower diffusion through gravel by preventing the formation of continu-
ous water films on the gravel particles.(') Measurements of the effective diffusion coefficient in
asphalt-coated gravel were consistently below the detection limit of 2.5 x 10-11 cm 2/s. The gravel
samples used in the tests were initially saturated and then allowed to gravity drain prior to the
measurement, so the water content represents a worst-case condition.

The effective diffusion coefficient used for the gravel layer in these analyses was 2.5 x 10-10 cm 2/S.
No correction was made for the volumetric moisture content because experiments were conducted at

(a) Conca, J.L., J.V. Wright, D.L. Lane, R.C. Britton, J.S. Allen, K.H. Pool, and N.H. Uziemblo.
December 1988. Experimental Determination of Diffusivity in a Gravel Cocoon. Letter Report
to Westinghouse Hanford Company from Pacific Northwest Laboratory, Richland, Washington.

(b) Conca, J.L., J.V. Wright, and D.A. Lamar. August 1989. Comparison of Diffusion Coefficient
Measurement Techniques for Gravel Diffusion Coefficient Validation. Letter Report to
Westinghouse Hanford Company from Pacific Northwest Laboratory, Richland, Washington.

(c) Lamar, D.A. April 1989. Measurement of Nitrate Diffusivity in Hanford Sediments via the
Half-Cell Method. Letter report to Westinghouse Hanford Company from Pacific Northwest
Laboratory, Richland, Washington.

(d) Conca, J.L., J.V. Wright, D.L. Lane, R.C. Britton, J.S. Allen, K.H. Pool, and N.H. Uziemblo.
December 1988. Experimental Determination of Diffusivity in a Gravel Cocoon. Letter Report
to Westinghouse Hanford Company from Pacific Northwest Laboratory, Richland, Washington.

(e) Wright, J.V., G.A. Whyatt, E.G. Baker, and D.H. Mitchell. February 1989. Experimental
Determination of Difusivity in Asphalt-Coated Gravel. Letter report to Westinghouse Hanford
Company from Pacific Northwest Laboratory, Richland, Washington.
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moisture contents anticipated to exist in the gravel layer. The value employed is typical of quartz gravel

and is below measured values for commonly available angular crushed gravel composed of basalt,
granite, or river source materials.

The effective diffusion parameters used to model diffusive transport in the engineered materials and
soils/sediments are listed in Table 3.14. Values for the Hanford and Ringold formations are also shown.
Note that the effective diffusion coefficient applied for grout in the central sensitivity case was
I x 10-6 cm2/s instead of the experimentally determined value of 0.578 x 10-6 cm 2/s. The value used in
the simulation was higher than the measured value, and therefore conservative in terms of the measured
value.

Sorption in Backfill Soil. Sorption was considered only in the grout (see Section 3.3.3.1 and
Table 3.3) and the natural sediments of the unsaturated zone. To he conservative, sorption has been
neglected in the RCRA cover, gravel layer, asphalt barrier, and concrete vault. It is included within the
backfill soil since this soil is a simple mixture of the upper portion of the natural sediment profile created
when excavating for vault construction. The code used to simulate contaminant transport in the unsatu-
rated zone requires the following data to calculate sorption (i.e., retardation factor, or R): distribution
coefficient (Rd), grain or particle density. and total porosity. Values for each parameter are given in
Table 3.15. Because Rd data do not exist for the spectrum of soils and contaminants in the unsaturated
zone profile, single conservative values of Rd have been adopted to represent the range of contaminants in
each transport group.

Table 3.14. Effective Diffusion Coefficient Parameters for Modeling Diffusive Transport in Unsaturated
Soils and Engineered Materials

Material Dab (cm 2/s) a b

RCRA cover 2.5 x 10 0.005 10
Backfill soil 2.5 x 100 0.005 10
Gravel layer 2.5 x 10.10 1 0
Asphalt Barrier t < 90,000 yr I x 101, 1 0
Asphalt Barrier t > 90,000 yr 2.5 x 10 0.005 10
Asphalt cracks 2.5 x 10- 0.005 10
Concrete vault 5 x 10-' 1 0
Concrete cracks 2.5 x 10' 0.005 10
Grout l x It 0- 1 0
Hanford, sand 2.5 x 10-' 0.005 10
Hanford, gravel 2.5 x 10-5  0.005 10
Ringold 2.5 x 10- 0.005 10
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Table 3.15. Summary of Sorption Properties for Transport Groups in Grout and Soils/Sediments

Grout Soil
Transport Rd(a) Rd(b)

Group Species (m/g) (ml/g)

IA 3H, 103Ru, 106RuRh, 125Sb, 1291 0 0
2A 99Tc 2 0
2B 94r, 95Nb 2 0.67
3A Selected chemicals only 125 0
3C 60Co, 63Ni, 79Se, 90sr, IISn, 126Sn, 134 CS, 135Cs, 13 Cs, 226Ra, 125 3

237 N
4A 14c, 34U, 235U, 238U 2,625 0
4D 95 Zr, 14 4CePr, 152 Eu, 1 54 Eu, 15 5Eu, 230n, 238 Pu, 23W24OpU, 2,625 21

2 4 1 pu 2 42Pa 24Am, 243Cm, 244Cm

(a) The retardation factor, R, is calculated from the distribution coefficient, Rd. The relationship is
R = 1 + (pbRd/O). For grout the additional data are as follows: particle density = 2.62 g/ml,
0 = 0.578 1, bulk density = particle density x (1 -0).

(b) The additional data for soils are as follows: All particle densities, Pb = 2.72 g/ml; backfill soil,
o = 0.371; Hanford formation sandy sequence, 0 = 0.4203; Hanford formation gravel sequence, 0
= 0.3584; Ringold formation, 0 = 0.4982.

Presently, the available data base for contaminant adsorption onto Hanford soils includes
laboratory-derived Rd values for Co, Sr, Np, Pu, Am, Cs, Ru, and Sb for high-level tank waste solutions
(Knoll 1966, 1969; Delegard and Barney 1983); Sr, Zr, Tc, Ru, 1, Cs, Ce, Eu, Co, Np, Pu, Am, and Cm
for selected sediments and solutions similar to diluted Hanford wastes and gmundwaters (Ames and Rai
1978; Benson 1960; Seine and Rai 1976; Sheppard, Kittrick, and Hardt 1976; Hajek 1966; Routson and
Sene 1972; Seme, Routson, and Cochran 1973; Routson, Jansen, and Robinson 1976; Routson, Barney,
and Seil 1978; Routson, Barney, and Smith 1980; Routson et al. 1981; Gee et al. 1981); and Mn, Co, Sr,
Cs, Tc and 1, for grout leachates contacting a typical 200 East Area sediment (Seine et al. 1987).
Currently available geochemical data for release and retardation involving Hanford wastes and sediments
are presented in Sene and Wood (1990). For many other elements, Rd values can be estimated by
analogy to other similar elements. For the mobile species of greatest concern (9Tc, 1291, NO2 , and NO3),
no sorption (Rd =t0)-was included inthe Soils or sediments.

3.4 Unsaturated Sediment and Unconfined Aquifer Pathway

Analyses of flow paths through the unsaturated sediments between the grout vaults and the water
table, and the flow paths in the unconfined aquifer, require definition of units and the hydraulic and
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transport characteristics. The unsaturated sediment pathway includes the backfill soil around the engi-
neered disposal facility and the undisturbed Hanford and Ringold formations. The characteristics of
backfill soil were presented in the section on the engineered system (Section 3.3.6). The unconfined
aquifer pathway includes consideration of groundwater flow through the Hanford and Ringold
formations.

This section describes the conceptual models and data for the central sensitivity case. Many of the
parameters were varied in the design and sensitivity cases as well as the compliance cases discussed later
in Section 3.6. In Chapter 2, the general Hanford Site stratigraphy was established. The stratigraphy at
the Grout Disposal Facility and in the unconfined aquifer model is described in this section. In all of the
hydrogeologic conceptualizations, a porous media model is used, with homogeneous and isotropic prop-
erties assigned to computational cells or blocks. Additional detail on the conceptualization, geologic
stratigraphy, and physical and hydraulic properties of sediments at the Grout Disposal Facility is provided
in Appendix J.

3.4.1 Water Flow in Unsaturated Sediments

Predicting water flow in the unsaturated sediments surrounding and below the grout vaults requires
specification of geologic stratigraphy, the saturated hydraulic conductivity, and unsaturated hydraulic
characteristics, including porosity and parameters describing the unsaturated moisture retention character-
istics. In the numerical flow and transport models, the hydraulic properties of porous media are repre-
sented by mathematical functions. For this performance assessment, the van Genuchten and Mualem
hydraulic conductivity functions were selected. The van Genuchten relationship has been applied to a
variety of soils at different sites and is appropriate for sediments beneath the Grout Disposal Facility. The
Mualem hydraulic conductivity function was necessary because unsaturated hydraulic conductivities are
difficult to measure in the laboratory.

3.4.1.1 Stratigraphic Layering

The geologic descriptions of the different layers were derived from visual examination by geolo-
gists in the field. Particle size distributions were determined by sieving in the laboratory. Generally,
samples were sieved to remove particles >2 mm in diameter before further testing was conducted. Parti-
cles >2 mm are categorized as gravel. The distribution of particle sizes <2 mm is used to classify sedi-
ments into textural categories such as clay or sand. Two procedures were used to determine the particle
size distributions of sediments analyzed for the grout performance assessment. The two procedures are
described in American Society for Testing and Materials (ASTM) (1985) and Gee and Bauder (1986).
Approximately 50 g of material that passed a 2-mm sieve was used with the hydrometer method and wet
sieving to determine the particle size distribution over the full range of sizes <2 mm.

Geologic logs and sediment sample analyses from available wells at the Grout Disposal Facility
were reviewed to identify the dominant sedimentary features. Figure 2.1 in Appendix J shows the loca-
tions of these wells and sediment samples relative to the Grout Disposal Facility. The general geologic
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stratigraphy at the Grout Disposal Facility is shown in Figure 3.11. The stratigraphy depicted in this fig-
ure consists of alternating layers of silt, sand, and gravel in a dune sand unit, the Hanford formation, and
the Ringold formation. Underlying the Ringold Formation is the Elephant Mountain Member of the
Columbia River basalts. The saturated hydraulic conductivity of this basalt is much lower than that for
the overlying sediments; the basalt was therefore considered to be impermeable and to constitute the base
of the geologic profile. As indicated in Figure 3.11, the Hanford formation consists of layers that are pre-
dominantly sand and layers that are predominantly gravel. The Ringold formation consists predominantly
of a sandy gravel.

The sandy sequence of the Hanford formation is a coarse-to-fine-grained sand unit that averages
60-m thick in the 200 East Area. The characteristics of the sandy sequence of the Hanford formation
were generated from 28 samples from well 299-E25-234, 5 samples from the 241 AP Tank Farm excava-
tion, 21 samples from pits at the U.S. Ecology site, 3 samples from the 200-BP-I site, and 3 measure-
ments from the bottom of the existing grout pit (Dames and Moore 1988). These data were used to char-
acterize the sandy sequence.

The lower gravel sequence of the Hanford formation is a pebbly, very coarse sand-to-sandy gravel,
about 10-m thick at the Grout Disposal Facility. It overlies the Ringold Formation . Characteristics of
this unit were derived from two samples obtained from well 299-E-25-234, eight samples from the
200-BP-I site, two samples from B Pond, and two samples from pits at the U.S. Ecology Site. Some of
the samples were from the upper gravel sequence of the Hanford formation, which is absent in the vicin-
ity of the Grout Disposal Facility. The upper and lower gravel sequences of the Hanford formation are
textually similar and are more or less indistinguishable from each other except for stratigraphic position
(Connelly et al. 1992a, b).

The Ringold formation averages 30-m thick at the Grout Disposal Facility, consisting of well-
rounded pebble-to-cobble-size gravel with a matrix of sand, silt, and some clay. The Ringold formation
is variably consolidated, ranging from a well-cemented conglomerate to open-work uncemented gravel.
The characteristics of the Ringold formation at the Grout Disposal Facility were derived from four sam-
ples from B Pond and one sample from the U.S. Ecology Site. No samples of the Ringold formation
beneath the Grout Disposal Facility were available.

The characteristics of the backfill soil and gravel are included here because of their importance in
the stratigraphic profile; i.e., soil will be used to backfill around the grout vaults and gravel will be used
to form a sloped capillary barrier above the vaults. The characteristics of backfill soil were determined
from a sample taken from a stockpile of sand excavated during construction of the GDF pit. The sample
was sieved so that only the <2-mm size fraction was used to determine hydraulic properties. The result-
ing particle-size distribution was 91% sand, 3% silt, and 6% clay.
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3.4.12 Saturated Hydraulic Conductivity

Saturated hydraulic conductivities for unsaturated sediments beneath the grout vaults were
determined with laboratory measurements. These laboratory measurements are based on application of
the Darcy flow equation to a sample of uniform cross-sectional area. Two different methods were used.
For the majority of materials, a falling-head permeameter method was used. For high permeability mate-
rials such as the coarse sands and gravels, a constant-head permeameter method was used. The details of
these methods and the apparatus used for each are provided in Appendix J.

From the geologic information used to generate the stratigraphy shown in Figure 3.11, and from a
summary of the hydrogeology of the 200 East Area by Cushing (199 1), gravel was observed to be present
in unsaturated sediments beneath the grout facility. Except for samples collected above the 126-ft
(38.4-m) depth in well 299-E25-234, all hydraulic conductivity measurements were made on the <2-mm-
diameter particle-size fraction. As documented in Appendix J, a method proposed by Bouwer and Rice
(1983) was used to estimate the bulk hydraulic properties of a mixture containing sand and gravel from
the hydraulic properties of the sand and volume fraction of the gravel.

Results of the saturated hydraulic conductivity measurements are presented as averages. The aver-
ages of the saturated hydraulic conductivities were calculated as geometric means because saturated
hydraulic conductivity has often been shown to be lognormally distributed (Hills and Wierenga 1991;
Sudicky 1986).

Saturated hydraulic conductivity measurements for the sandy sequence of the Hanford formation
were reported by Smoot et al. (1989; 33 samples) and Connelly et al. (1992b; 27 samples). These data
included 28 measurements from well 299-E-25-234, 5 measurements from the 241-AP Tank Farm, 21
measurements from U.S. Ecology, 3 measurements from the 200-BP-I site, and 3 measurements of in situ
saturated hydraulic conductivity made with a borehole permeameter at the bottom of the existing grout pit
(Dames and Moore 1988). Equations 4.3 and 4.4 in Appendix J were used to scale the hydraulic
properties of the first 4 samples from the 24 -AP Tank Fann for gravel content (Smoot et al. 1989).
Somewhat fewer data were available for the lower gravel sequence of the Hanford formation. Saturated
hydraulic conductivity data were reported by Smoot et al. (1989; 2 samples) and Connelly et al. (1992b;
12 samples). These data include two measurements from well 299-E25-234, eight measurements from
the 200-BP-I site, two measurements from B Pond, and two measurements from the U.S. Ecology Site.
Corrections for gravel content were not performed for the lower gravel sequence of the Hanford
formation.

Saturated hydraulic conductivity measurements for the Ringold formation were reported by
Connelly et al. (1992b; five samples). These data consisted of four measurements from near B Pond and
one measurement at the U.S. Ecology Site. These measurements were not corrected for gravel content.
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3.4.1.3 Unsaturated Hydraulic Characteristics

The flow of water and contaminant transport in an unsaturated porous medium is governed by the
relationships among water content. matric potential or pressure head, and hydraulic conductivity. Within
the numerical model used in this performance assessment, these relationships are represented by mathe-
matical functions containing one or more fitted parameters. A water retention function is used to describe
the relationship between water content and matric potential. The water retention function used to repre-
sent soils and engineered materials for this performance assessment was proposed by van Genuchten
(1980) and is listed in Appendix J (Equation 4.1). An unsaturated hydraulic conductivity function is used
to describe the relationship between unsaturated hydraulic conductivity and matric potential. Because
unsaturated hydraulic conductivity is difficult to measure directly, it is often calculated. The predictive
model of Mualem (1976) was used to calculate the unsaturated hydraulic conductivity function, and the
unsaturated hydraulic conductivity function of van Genuchten (1980) was used to represent the hydraulic
conductivity data as described in Appendix J (Equation 4.2).

Total porosity, the measure of relative volume of pores capable of filling with water, was deter-
mined from measurements of particle and bulk densities, according to an equation by Hillel (1982)
described in Appendix J. Particle density was determined with a pycnometer method (Blake and Hartge
1986a; Appendix J). Bulk densities of sediments were determined with the method outlined by Blake and
Hartge (1986b; Appendix J).

Four different methods were used to determine water retention data over the full range of matric
potentials from full saturation to residual (irreducible) saturation. This was necessary because each of the
different methods is accurate within a certain range of saturations and pressures and not accurate outside
of that range. The methods used (described in detail in Appendix J) were 1) the hanging water column
method (Klute 1986), 2) a column method, and 3) the pressure-plate extraction method. In all cases,
measurements were conducted on draining samples. No measurements were made as samples were
wetted, which would have documented the extent of hysteresis. Hysteresis was not included in the
numerical models employed in the performance assessment.

Where possible, undisturbed samples were obtained to preserve the in situ structure of the materials
being measured. Most of the samples, however, were disturbed because of sampling methods such as
drilling. The disturbed samples were packed to known densities before measurements were made.

The numbers of samples for the different layers (Hanfoni formation sand and gravel sequences, and
the Ringold formation) are the same as for the hydraulic conductivity data indicated in the previous sec-
tion. Measurements of water content were made as a function of saturation. The water retention param-
eters Os' or, a, and n from the van Genuchten (1980) function were fit to the measured water retention
data using a nonlinear, least-squares, curve-fitting program developed by Yates et a]. (1992). Generally,
water retention data from the various measurement methods were combined and used for fitting the
parameters in the van Genuchten water retention function. When data from pressure plate and hanging
water column methods overlapped, the overlapping pressure plate data were omitted during curve fitting
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because they were considered less reliable. Water retention data from duplicate samples were refit.
Therefore, parameter estimates in Appendix J from well 299-E-25-234 vary from those reported in Smoot
et al. (1989) and Connelly et al. (1992b).

The average parameters for sediments from the Hanford and Ringold formations and for other
materials comprising the engineered Grout Disposal Facility are listed in Table 3.16. For parameters
other than saturated hydraulic conductivity (K,) listed in the table, arithmetic mean values were used to
compute averages. Figures 3.12 and 3.13 illustrate the water retention and unsaturated hydraulic con-
ductivity relationships, respectively, for the materials listed in Table 3.16.

3.4.2 Sorption

For the transport of some contaminants from the grout waste form, distribution coefficients (Rd)
were used to describe sorption of some contaminants. The Rd is a function of retardation methods of
chemical precipitation/dissolution of bulk and solid phases, chemical substitution of one element for
another in a solid phase, exchange of the stable isotope of an element with a radioactive isotope in solu-
tion, cation and anion exchange, and adsorption (Muller, Langmuir and Duda 1983). These mechanisms
are described by a single empirical Rd. Separate retardation factors (R) were used for the grout and
sediments, but values were constant in each region of the model domain.

Table 3.16. Hydraulic Properties for Engineered Materials and Unsaturated Sediments

Material Os Or a (cm-1) n Ks (cm/s)

Hanford formation
Sandy sequence 0.4203 0.0234 0.1943 1.868 1.55 x 10-3
Lower gravels 0.3584 0.0213 0.0290 1.613 2.73 x 104

Ringold formation 0.4982 0.0283 0.0176 1.338 2.42 x 10-6

Backfill soil 0.3710 0.0450 0.0683 2.080 3.00 x 10-2

Gravel 0.5180 0.0140 3.5366 2.661 1.85

Grout/Cold Cap 0.5781 0.0(X 1.08 x 10- 1.650 1.47 x 10-8

Concrete 0.2258 0.000 7.6 x 10" 1.393 3.75 x 1040

Asphalt Barrier 0.162 0.000 1.0 x 10-7 2.000 1.0 x 10-20

RCRA Cover 0.448 0.000 5.39 x 104 1.324 1.0 x 10-7
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In all of the simulations, sorption of contaminants in the concrete and asphalt barriers was assumed
to be zero. This assumption was made to be conservative in estimating the release of contaminants from
the engineered Grout Disposal Facility. The Rd for the different transport groupings for grout, concrete
and asphalt barriers, and unsaturated sediments are listed in Table 3.17. In the simulations performed, the
Hanford and Ringold formations employ the same Rd as the backfill soil. The specification of sorption
properties also requires the grain or particle density of materials, taken to be 2.72 g/cm 3 for all sediments.
Sorption also varies with water content in unsaturated sediments. To be conservative, total porosity was
used rather than water content for each sediment type.

Table 3.17. Summary of Sorption Properties for Transport Groups in Grout and Soils/Sediments

Grout Rd
(ml/Y)Grout) Snecies

I A 3H, 103Ru, 106RuRh, 12 5Sb, 1291

2A 9c

2B 94Nb, 95Nb

3A Selected chemicals only

3C 6 0Co, 63Ni, 7 9Se, 90 Sr, 113 Sn, 126Sn, 134 CS, 13 5CS,
137 Cs, 22 6Ra, 2 37Np

4A 14C, 2 34 U, 235 u, 2 38 U

4D 9 5Zr, 144CePr, 152Eu, 154Eu, 155 Eu, 2 30Th 2 3 5 Pu,
2 39/240p, 24 1Pu 24 2Pu, 2 4 1 Am 24 3Cm, 244Cm

(a) R = I + (pbRd/0); data required to make this calculation
Grout: Particle density = 2.62 g/ml, 6 = 0.578 1, Bulk d
Backfill Soil 2.72 0.371
Hanford - Sandy 2.72 0.4203
Hanford - Gravel 2.72 0.3584
Ringold 2.72 0.4982

(b) No sorption in asphalt barrier, concrete vault, cracks in
or gravel.

0

2

2

125

125

Grout
R(a)

4.82

4.82

240

240

2625 5020

2625 5020

Soil Rd(')

(ml/g)

0

0

0.67

0

3

0

21

are as follows:
ensity (Pb) = Particle density x (1-0)

either asphalt or concrete, RCRA cover,
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3.4.3 Boundary and Initial Conditions for the Unsaturated Sediments

Boundary conditions for water flow in the model domain are summarized in Table 3.18. The basis
for 0. I-cm/yr recharge at the upper boundary was established in Section 2.1.7.4. The 0.1-cm/yr recharge
rate is based on current climatic conditions and the presence of a silt loam soil on top of the multilayered
(Hanford) protective barrier with shallow-rooted vegetation. To include consideration of an ineffective
barrier in this performance assessment, a higher recharge rate of 5 cm/yr was evaluated as a sensitivity
case. The side boundaries are assumed to be no-flow by symmetry between grout vaults. The lower
boundary is prescribed pressure, which allows a flux of water across the boundary to the water table.

Transport boundaries are also summarized in Table 3.18. Specification of zero concentration at the
upper boundary results in a no-flux boundary condition--i.e., no contaminant flux is allowed across the
upper boundary. The zero concentration gradient condition along the side and lower boundaries results in
contaminant flux at the concentration reaching the boundary. Thus, contaminants are advected, but not
diffused, across the side and lower boundaries. Because water flow is predominantly downward in the
model domain, most of the contaminant flux occurs across the lower boundary.

Upward diffusion of contaminants was included as a case in this performance assessment to deter-
mine if contamination of soil above the grout vault could be important. Evaluation of this case required a
zero recharge rate. Even the limited recharge of 0.1 cm/yr results in downward advection of contami-
nants. All properties were the same as those listed above, except the recharge rate at the upper boundary
and concentration gradient was set to zero. The concentration at the bottom boundary was set to zero for
this case as well. The top boundary condition prevents contaminants from diffusing out of the top of the
system. For the purpose of evaluating dose, the protective barrier was not included and radionuclide con-
centrations in backfill soil at the top of the profile were used in an individual garden scenario. If the pro-
tective barrier were included, additional attenuation of contaminants would occur

Table 3.18. Boundary Conditions for the Flow and Transport Analyses of Grout Performance

Boundary Condition

Flow Analysis
Upper boundary Constant recharge rate 0.1 cm/yr (5 cm/yr included as a sensitivity case)
Right/left boundaries No flow by symmetry, total potential gradient = 0.0
Lower boundary Water table at atmospheric pressure

Transport Analysis
Upper boundary Concentration = 0.0
Left/right boundaries Concentration gradient = 0.0
Lower boundary Concentration gradient = 0.0

September 1994 3174



WHC-SD-WM-EE-004, Rev. I

Initial hydraulic conditions in the soils underlying the Grout Disposal Facility were assumed to be
related to the long-term recharge rate of 0.1 cm/yr. Based on soil hydraulic properties, the unit hydraulic
gradient theory was applied to determine the initial moisture content and matric potential for the various
stratigraphic units in equilibrium with 0.1-cm/yr recharge. Table 3.19 is a summary of the initial condi-
tions used for soils and engineered materials in the model domain depicted in Figure 3.2.

Initial contaminant concentrations in the model domain were as follows for all contaminants:

Contaminated grout monolith C(x,t = 0) = 1.0

Backfill soil, noncontaminated grout, engi- C(x,t = 0) = 0.0
neered structures, and underlying sediments

Thus, the contaminated grout monolith contained all of the inventory at the time simulations began.
Actual concentrations of specific radionuclides and hazardous chemicals were derived by considering the
inventories of each contaminant.

3.4.4 Water Flow in the Unconfined Aquifer

The uppermost aquifer at the Hanford Site is the unconfined aquifer. Because of its shallow depth
compared to underlying confined aquifers, the unconfined aquifer will be most accessible to the public
under possible future site uses. Therefore, the unconfined aquifer was evaluated in several cases for this
performance assessment. One case consisted of evaluating impacts from transport of contaminants to a
hypothetical well 100-m downgradient from the Grout Disposal Facility. The second case consisted of
evaluating transport and discharge of contaminants to the Columbia River and downstream transport to
locations where exposures occur.

Table 3.19. Summary of Initial Conditions for Analysis of Flow in the Central Sensitivity Case

Matric Potential
Material Moisture Content Saturation (cm)

Backfill soil 0.056 0.151 338
RCRA barrier/clay 0.446 0.996 338
Concrete 0.226 1.000 338
Gravel 0.014 0.027 338
Asphalt 0.162 1.000 338
Grout 0.578 1.000 338
Hanford formation, sands 0.059 0.140 83
Hanford formation, gravels 0.087 0.242 496
Ringold formation 0.320 0.642 206
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3.4.4.1 Conceptual Model and Data for the Unconfined Aquifer

The unconfined aquifer is comprised of sediments in both the Hanford and Ringold formations.
The base of the unconfined aquifer is the top of basalt or top of the lower Ringold formation (clay), if
present (Newcomb, Strand, and Frank 1972). The stratigraphy of the unconfined aquifer used in this
performance assessment is based on previous studies of the Hanford Site--for the 200 West Area, Lindsey
et al. (1991); the 200 East Area, Lindsey et al. (1992); the 1(X Areas, Lindsey (1992); and the Hanford
Site as a whole, Brockhaus (1989).

The unconfined aquifer at the Hanford Site is bounded by the Yakima and Columbia rivers. Other
portions of the aquifer are bounded by the basalt outcrops of Rattlesnake Mountain and Umtanum Ridge
and by Cold Creek and Dry Creek valleys. Interior boundanes consist of Gable Butte and Gable Moun-
tain. The Yakima and Columbia River boundaries are treated as prescribed head. The elevations of the
Yakima River represented on a U.S. Geological Survey map were used to determine the prescribed heads.
The average elevations of the Columbia River during June 1984 were used to prescribe head along the
Columbia River boundary. Rattlesnake Mountain, Gable Butte, and Gable Mountain are assumed to be
no-flow boundaries. The prescribed flux for Cold Creek and Dry Creek valleys was assumed to be
321,945 ft3/d and 47,014 ft3/d, respectively, as documented in Jacobson and Freshley (1990).

The unconfined aquifer is impacted by both natural and artificial recharge distributed over the
Hanford Site. Natural recharge results from precipitation in excess of evapotranspiration and varies over
the Site in response to differences in soil type and vegetation patterns. The distribution of natural
recharge documented by Jacobson and Freshley (1990) was used for unconfined aquifer modeling in this
performance assessment. Artificial recharge from site operations has a significant effect on the uncon-
fined aquifer. Although applications of the unconfined aquifer model do not include artificial recharge, it
was included for model calibration to current conditions.

A series of inhomogeneity zones were used in the SLAEMS code (SLAEMS and other codes used
in the grout performance assessment are described in Section 3.5) to represent heterogeneity of the sys-
tem. The zones contained multiple layers of varying thickness and hydraulic conductivity (Figure 3.14).

3.4.4.2 Calibration of the Unconfined Aquifer Model

Calibration of the SLAEMS model involves adjusting the aquifer parameters (e.g., location of geo-
logic units) and material properties (e.g., saturated hydraulic conductivities) to match known field condi-
tions with the values computed by the model. Using the previously described boundary conditions and
average artificial recharge during 1984, and adjusting the inhomogeneity zones, improved the agreement
between the model-predicted heads and the known well water levels. Zones of low hydraulic conductiv-
ity were employed to model the groundwater mounds that exist under the 200 West and 200 East areas as
a result of artificial recharge. High conductivity zones were introduced or enlarged to model sandy areas.
In a stepwise process the hydraulic conductivities used in the model were then refined to find the best
match for the domain of interest (the area underlying the Grout Disposal Facility and alternate pathways
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Figure 3.14. Calibrated Hydraulic Conductivity Distribution for Inhomogeneity Zones

to the river). The final hydraulic conductivities used for the Hanford sediment and Ringold layers are
within the published ranges (Graham et al. 1981). Figure 3.15 shows the calibrated SLAEMS model for
the unconfined aquifer of the Hanford Site for June 1984.

To check the quality of the model calibration, difference maps of predicted minus observed
hydraulic heads were prepared. Over most of the model domain, the difference was restricted to less than
I m. Particular attention was given to the area near the Grout Disposal Facility.

Another indication of the quality of calibration was comparison of travel times. The travel time
from the Grout Disposal Facility to the Columbia River was determined to be approximately 32 years.
This figure compares favorably with the times projected by other investigators (USGS 1987).
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Figure 3.15. Calibrated Unconfined Aquifer Model Based on SLAEMS for June 1984

3.4.4.3 Post-Hanford Unconfined Aquifer Model Applications

To simulate post-Hanford conditions, the artificial recharge from Hanford operations was removed.
It was also assumed that the 200 East and 200 West Areas would be allowed to revegetate and the infiltra-
tion and subsequent recharge rates would decrease. All other boundary conditions (e.g., prescribed heads
along the rivers) remained the same. Figure 3.16 shows the potential values for post-Hanford gmund-
water for the unconfined aquifer.

3.4.5 Transport in the Unconfined Aquifer

The SLAEMS model was applied to conduct a travel time and pathline analysis used to pmvide
swell intercept factors" for domestic and community well scenarios. The model was also used to predict
travel times to the Columbia River for discharge of contaminated gmundwater to the river.
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Figure 3.16. Post-Hanford Conditions Predicted With SLAEMS

The model was run using two scenarios: current conditions with the present amount of precipita-
tion and recharge, and a wetter case scenario that assumes an additional 5 cm of recharge applied over the
entire Hanford Site. Figures 3.17 and 3.18 show the water table elevations and pathlines to the river for
both cases. The shortest time necessary to travel from the Grout Disposal Facility to the Columbia River
was determined for both scenarios and is shown in Table 3.20. The increased recharge causes the
pathway to the river to change and results in a longer travel time.

Additional applications were done with a well placed 100 m from the boundary of the grout site. A
pumping rate of 45 m3/d (1.2 x 104 gal/d) was used to simulate the water use for a 2-hectare (5-acre)
farm. The exact placement of the well depended on the recharge rates and subsequent flow patterns. The
well was placed in the center of the plume created by the grout site to intercept as much of the plume as
possible. The width of the intercept and the width of the plume were determined. The time necessary to
travel from the boundary of the grout site to the well was determined for both scenarios. Table 3.20
shows the results of the simulation runs.
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5 cm/yr Recharge Conditions
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Table 3.20. Summary of SLAEMS Model Simulations

Aquifer
Thickness

(in)

Plume
Intercept (in)

27.46
21.3 --

21.1 (72 x 2)= 144(c)

25.21 --

25.07 (80 x 2)= 160(c)

Plume
Width

(mn)

Hydraulic
Gradient

(M/m)

256 4.18 x 10-

255 4.76 x 10-4

416 3.1 A 10-

Travel Time,
1OT-m
Well
(days)

River
(years)

31.7
478 37.5

Ground-
water Flux

(m3/d)

Well
Intercept

Factor

24.6(a) 0.010

333 0.00308

645 364 29.7(& 0.415

416 3.9 x 10-4 378 0.105

(a) Upper 4.6 in of aquifer.
(b) Well pumping rate.
Notes: R = recharge rate; Q, = well discharge, K, = saturated hydraulic conductivity = 50 m/d.
(c) Factor of 2 is due to the influence of anisotropic hydraulic conductivities on plume intercept determined using

PORFLOW model.

The quantity of groundwater receiving contamination from the Grout Disposal Facility was deter-
mined in the following manner:

Low pumping rate:

Well -intercept factor =
(infiltration through the facility, 0.245-n 3/d)

(width of aquifer intercept) x (depth of screen) x (Darcy velocity)

where infiltration through the Grout Disposal Facility is a function of the 0.1-cm/yr recharge rate over an
area of approximately 90,000 m2. For the 5-cm/yr recharge rate cases, the 0.245-m 3/d factor in Eq. (3.9)
is replaced by 12.3-m 3/d. This definition of well-intercept factor for the low pumping rate cases assumes
that the contamination infiltrating into the aquifer from the Grout Disposal Facility is distributed uni-
formly and results in a uniform or average concentration in a rectangular cross-section of aquifer.

Pumping rate for the 45 m 3/d rate:

September 1994

Case

Calibration
R = 0.1 cm/yr
QW = 0
R = 0.1 cm/yr
Q, = 45 m3/d
R = 5 cm/yr

QW = 0
R = 5 cm/yr
Q = 45 m3/d

(3.9)
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Well-intercept factor = (fraction of grout plume intercepted x 0.245 m 3/d) (3.10)
(groundwater well pumping rate of 45 m 3/d)

Equation (3.10) applies to the 0.1-cm/yr infiltration rate cases. For the 5-cm/yr recharge rate cases, the
0.245-m 3/d factor in Equation (3.10) is replaced by 12.3-m 3/d.

A combination of homogeneous isotropic and homogenous anisotropic analyses were used to
define the areal and vertical influence of a partially penetrating well in the vicinity of the Grout Disposal
Facility at Hanford. By design, the pumping well used for the groundwater scenarios partially penetrates
the aquifer. Aquifer properties are often heterogeneous and anisotropic (i.e., they vary with spatial loca-
tion and direction). Field data do not allow incorporation of small-scale heterogeneities into the regional
model. However, an anisotropic ratio of horizontal-to-vertical hydraulic conductivity between 16 to I
and 13 to I has been reported for the unconfined aquifer in the 200 Areas (Graham et al. 1981).

While the SLAEMS code used for the regional unconfined aquifer model is able to address the
anisotropic nature of the aquifer by introducing distinct stratigraphic layers, it is unable to address the
effects of the partially penetrating well. Consequently, the PORFLOWa) code was used to evaluate the
local effect of a partially penetrating well pumped at 45 m3/d in an aquifer with an assumed horizontal-to-
vertical hydraulic conductivity ratio of 15 to 1. A 5-km by 5-km (3.1-mi by 3.1-mi) water table aquifer
approximately 20-m (65.6-ft) thick was used for the evaluations. The unconfined aquifer model based on
SLAEMS was used for benchmark comparison for a fully penetrating well. The results of the evaluation
are presented in Table 3.21 in terms of plume intercept width 100-m (328-ft) upgradient from the well
(i.e., at the disposal site). The plume intercept width is the maximum width of influence of the well
where all of a contaminant plume would be intercepted.

Table 3.21. Plume Intercept Width (m) at 100 m Upgradient of a Pumping Well

Aquifer Partially Penetrating Fully Penetrating
Property Well Well

Isotropic 83.2 m (PORFLOW) 61-9 m (PORFLOW)
61.25 m (SLAEMS)

Anisotropic 113 m (PORFLOW) 61.3 m (PORFLOW)
60.65 m (SLAEMS)

(a) PORFLOW is copyrighted by Analytic and Computational Research, Inc., subject to Limited
Government License.
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The PORFLOW results confirm the performance of fully penetrating and partially penetrating wells
in both isotropic and anisotropic aquifers. The trend in the results is as anticipated; the most narrow inter-
cepts are for the fully penetrating wells and the widest intercept is for a partially penetrating well in an
anisotropic aquifer. The results reveal a greater width by approximately a factor of 2 for the more realis-
tic case of a partially penetrating well in an amsotropic aquifer, as compared with the prediction of the
fully penetrating well in an isotropic aquifer. Thus, the results for the SLAEMS model simulation as
listed in Table 3.20 were adjusted by a factor of 2 (see footnote (c) in Table 3.20).

In addition to evaluating impacts from the hypothetical well, the predictions of flow paths and
travel times for radionuclides to reach and discharge to the Columbia River were evaluated. The quantity
of radionuclides entering the river annually through gmundwater flow was assumed to be diluted by a
volume of water corresponding to the annual average river flow rate at Priest Rapids Dam (Woodruff,
Hanf, and Lundgren 1992). This assumption requires the further assumption of complete mixing by the
river. Although this is not a realistic assumption for the Hanford Reach of the Columbia River above
Richland and possibly as far downstream as McNary Dam, contaminants that enter the river from ground-
water flow at Hanford are likely mixed downstream of McNary (Walters, Dirkes and Napier 1992).

3.5 Modeling Approach and Codes

This section describes the modeling approach and codes used to quantify radionuclide release from
the grout waste form, transport in the unsaturated sediments, interception by a groundwater well or trans-
port to the Columbia River, and exposure and dose to humans. The interrelationships between codes used
in this performance assessment are illustrated in Figure 3.19 and described in terms of data required and
results produced by the individual codes. Each code is then briefly described and the rationale for its
selection presented. Four codes were employed in this performance assessment: PORFLOW, SLAEMS,
CCSUMRY-PF, and GENII. PORFLOW and SLAEMS were applied to the unsaturated sediments and
the unconfined aquifer. CCSUMRY-PF was used to simply combine inventory and decay data with
results from the unsaturated sediment and unconfined aquifer analyses. GENII was used to apply the
exposure scenarios and assess the health impacts to future residents of the site and region.
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3.5.1 Modeling Approach

The Grout Disposal Facility was assessed using a decoupled suite of codes (see Figure 3.19). The
decoupled components of the analysis involved a separate analysis of the surface barrier, unsaturated
sediments (including the engineered disposal system), unconfined aquifer, and exposure and dose to
humans.

Deterministic models were employed, thus providing a single response to a set of model parame-
ters. Models of the unsaturated and aquifer components of the system were based on porous media con-
cepts. For both the unsaturated sediment and unconfined aquifer analyses, perturbations to parameter
values defined cases used to explore the influence of design elements and model parameters. A more
rigorous Monte Carlo approach was taken to determine the sensitivity of results to parameters employed
in the exposure and dose assessment.

Because of the large number of radionuclides in the inventory, a method was needed to reduce the
simulations to a manageable number. The method used was to identify groups of radionuclides and asso-
ciate them with conservative transport properties for each group. This was done for both the grouted
waste and the natural sediments. In general, radionuclides in grout were classified into four groups rang-
ing from mobile to suecessively more sorbed: in the natural environment, their transport mobility was
also classified into four groups. Overall, the inventory was divided into seven groups which conserva-
tively represent the mobility in both grout and sediments.

3.5.1.1 Surface Barrier

Analyses of the surface barrier were performed under the research program currently developing
the permanent isolation barrier for the Hanford Site (see Appendix F). Their research considers relation-
ships between climate, vegetation, surface soils, small and large mammals, and wind erosion and soil
deposition. Results of research have demonstrated that silt loam surface soils can recycle precipitation to
the atmosphere through evaporation if vegetation is not present, or through evapotranspiration in the pres-
ence of vegetation. It has been demonstrated that up to double the amount of precipitation can be
recycled, thus producing the conditions that prevent infiltration through the surface barrier system. The
current design goal of the permanent isolation barrier program is 0.05 cm/yr.

Analysis of the surface barrier response to variations m climate, vegetation, and soils requires
detailed, often hourly or daily, input data. Therefore, for this performance assessment it was decided to
reference the research results of the permanent isolation barrier program and its design goal, rather than to
perform independent and duplicate analyses. Incorporating the surface barrier and its requisite detailed
data into the overall unsaturated zone analysis would be prohibitively expensive. Simulations of the
unsaturated sediment pathway have employed 0. 1-cm/yr, i.e., double the design goal, as the recharge rate
through the surface barrier. Additional discussion of the recharge rate can be found in Section 2.7 and
Appendix F
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3.5.1.2 Engineered Disposal System and Unsaturated Sediments-PORFLOW Code

The unsaturated profile between the base of the vaults and the water table of the unconfined aquifer
is approximately 60-m (200-ft) thick. Flow in the unsaturated sediment pathway is an important compo-
nent of the pathway analysis. The PORFLOW code was used to simulate water flow and contaminant
transport in the engineered disposal system and the unsaturated profile.

The geometry of the profile analyzed is defined by the size and location of engineered structures
and barriers, and the thickness of geologic features such as distinct sediment layers. Models of the unsatu-
rated sediments require specification of hydraulic model parameters that define the movement of water,
and transport model parameters that define the migration of contaminant. The flow of water was modeled
with Darcy's equation as modified for the unsaturated zone by Richards (1931). The hydraulic models
and their parameters describe the water retention and relative hydraulic conductivity relationships of the
unsaturated media based on the models of van Genuchten and Mualem (Mualem 1976, van Genuchten
1980). Parameters required by the hydraulic model for each material (or porous media) are the saturated
hydraulic conductivity, saturated moisture content, residual moisture content, and two fitting parameters
for the van Genuchten-Mualem soil water retention model, a and n. Contaminant transport is by
advection, diffusion, and sorption. Water velocities required for the advection model are provided by the
water flow analysis. Sorption of contamination in grout and on sediments has been modeled using the
linear sorption isotherm. Parameters required by transport models for each material type are the effective
diffusion coefficient, distribution coefficient, particle or grain density, and total porosity (if different than
saturated moisture content). Cases involving the staged degradation of the engineered system must pro-
vide the required hydraulic and transport data for each stage of degradation.

Each contaminant transport analysis is initialized as a unit source of contamination in the grouted
waste region of the model. In the majority of cases, the flow and transport analysis within the unsaturated
zone provided an estimate of water and relative contaminant flux to the water table. In the case of the
zero-recharge, or upward diffusion analysis, concentrations of contamination were estimated in the sur-
face soil profile. In either case, the results from the PORFLOW code were passed to the CCSUMRY-PF
code.

3.5.1.3 Unconfined Aquifer-SLAEMS Code

Underlying the unsaturated sediments is the unconfined aquifer. It forms the next segment in the
subsurface pathway to the accessible environment and human exposure. The time scale of transport in the
unsaturated zone is on the order of hundreds to thousands of years, while that in the aquifer is on the
order of tens of years. Because of the relatively short travel time for contaminants in the unconfined
aquifer, a pathline and travel-time approach was taken to model contaminant migration in the aquifer.
The SLAEMS code has been used to simulate the unconfined aquifer and estimate the pathlines followed
by contamination, and to estimate contaminant travel times to groundwater wells and the Columbia River.
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Data requirements of the unconfined aquifer model include the identification of boundaries, internal
geologic structure, internal sources and sinks of water, hydraulic properties of the porous media, and
water table elevations. The aquifer is hounded by relatively impermeable basalt formations, the
Columbia and Yakima rivers, and lateral recharge regions defined as Dry Creek and Cold Creek Valleys.
Details of these boundaries and how they were addressed can be found in Section 3.4.4. The internal
structure and its associated hydraulic properties were defined by specifying the position and thickness of
two distinct hydrologic units, the Hanford and Ringold formations. The hydraulic properties required by
the model were saturated hydraulic conductivity and porosity. Conductivity values were allowed to vary
spatially by defining zones of constant property value. These zones captured both areal and vertical varia-
bility in conductivity. Calibration of the model used an approximate steady-state system existing in the
mid 1980s. Thus, internal sources and water table data from this period were used to establish this model
of the unconfined aquifer.

After calibration, the model was modified to represent future conditions by stripping off all indus-
trial discharges associated with operation of the Site. Cases involving water supply wells located 100-m
downgradient of the Grout Disposal Facility, and different recharge rates, were studied. Particle-tracking
methods were used to establish travel times to locations of interest [100-m well (328 ft) and the Columbia
River]. Pathlines were also used to trace the boundary of contamination, and, hence, determine the frac-
tion of a contaminant plume intercepted by a water supply well and the width of aquifer contaminated by
releases from the Grout Disposal Facility These analyses ultimately defined a well intercept factor for

-specific recharge rates and Pumping rates. Similarly, pathiines were used to characterize the transport of
contamination to the river in terms of travel time. Results of the SLAEMS analysis of the unconfined
aquifer, i.e., travel time and well intercept factors, were provided to the CCSUMRY-PF code.

3.5.1.4 CCSUMRY-PF

Efficiencies were obtained by uncoupling the analyses of the unsaturated sediment profile and the
unconfined aquifer, however, ultimately the analyses must he combined to produce estimates of water
quality in the water supply well, contaminant flux to the Columbia River, or soil contamination in surface
sediments. CCSUMRY-PF combines input from PORFLOW and SLAEMS with the total inventory and
decay half-life data. It then produces a table of water quality, groundwater flux, or soil contamination
levels as a function of time for the scenario being simulated. These data ar provided to the exposure and
dose calculation.

3.5.1.5 Exposure and Dose to Humans-GENII

This final segment of the analysis applies exposure scenarios and assesses dose impacts to future
generations. The exposure scenarios described in Section 3.2 and Appendix M have already influenced
the analysis by defining the subsurface pathways and the points in the environment accessible to future
inhabitants. Parameter selections in the exposure model define the human exposure from the food eaten
and the environment lived in, and result in estimates of dose from exposure to radioactivity.
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The scenarios examined assess exposures to near-term (<500 years) intruders, and to long-term
future inhabitants of the site. The intruder scenarios were a drilling scenario resulting in acute exposure
to an individual, and a post-drilling habitation scenario resulting in chronic exposure to a family. Long-
term exposures and dose were evaluated for a variety of scenarios based on the use of water from the
aquifer (i.e., irrigated farm, irrigated garden, drinking water, and community well), the use of water from
the Columbia River, the habitation of land contaminated by the upward diffusion of radioactive waste,
and the habitation of land contaminated by a cataclysmic glacial flood (erosion-deposition) event. Calcu-
lated doses were compared to performance objectives for the disposal action. The performance objectives
were described in Chapter 1.

3.5.2 Unsaturated Flow and Transport Code: PORFLOW

Version 2.394gr of the PORFLOW computer code (Sagar and Runchal 1990, Runchal and Sagar
1992) was used to simulate flow and contaminant transport from the Grout Disposal Facility through the
unsaturated zone to the unconfined aquifer and upward to the land surface. Specifically, the code was
used to quantify the movement of water through the backfill. RCRA cover, gravel layer, vault structure,
surrounding soils, and underlying formations. Transport processes of contaminant advection, diffusion,
and sorption were included in the simulations.

3.5.2.1 Description of PORFLOW

PORFLOW is a software package for solving problems involving multiphase fluid flow, heat trans-
fer, and mass transport in variably saturated, porous, and fractured porous media. Some of the attributes
of PORFLOW are:

* capability to model either single or multiphase flow

applicability to one-, two-, or three-dimensional geometries in Cartesian or cylindrical coor-
dinate systems

* availability of alternate solution techniques (including point successive over-relaxation,
Cholesky decomposition, Gauss elimination, and reduced system conjugate gradient)

* availability of multiple porosity representations

* availability of discrete features (such as boreholes or fractures) that are represented by line or
plate elements.

The PORFLOW computer code is written in FORTRAN-77 and runs on personal computers and worksta-
tions. For calculations in this performance assessment, however, a CRAY XMP was used with simula-
tions typically lasting 10 to 25 hours or more. Appendix G provides an expanded description of the theo-
retical framework and the input/output of PORFLOW.
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3.52.2 Selection and Background of PORFLOW

The PORFLOW computer code was selected for modeling unsaturated flow and transport in grout
after considering the code's theoretical framework, implementation of the theory, documentation, quality
control, acceptability by the technical community, and computational speed. Additional detail is provided
in Appendix G. The theoretical framework of PORFLOW is based on appropriate fundamentals of
physics, hydrology, and geochemistry and is applicable to problems of unsaturated flow. Specific modifi-
cations were made to the code, allowing simulation of degraded engineered barriers, to make a version
(2.394gr) applicable to this performance assessment. Sufficient documentation (Runchal and Sagar 1992)
and quality assurance backup (Piepho et al. 1994) exist for the code. The PORFLOW "family" of codes
(version 2.394gr and its predecessors) has been used extensively across the DOE complex, and is
generally accepted by the technical community. The computational speed of PORFLOW is such that
simulations could be made on the CRAY with acceptable turnaround time.

The original version of PORFLOW (Kline et al. 1983 and Runchal et al. 1985) was limited to
modeling saturated conditions in two-dimensional porous media. The code was modified to simulate
variably saturated (unsaturated) flow in three dimensions and was termed PORFLO-3, version 1.0
(Runchal and Sagar 1989; Sagar and Runchal 1990). Version 2.0 added the capability to treat multiphase
problems. Version 2.394gr was used in this performance assessment. This version includes changes
made specifically for grout performance assessment calculations. A newer version (i.e., Version 2.1) to
treat multiphase problems was developed for DOE and is the basis of the version used in this performance
assessment.

3.5.2.3 Verification and Benchmarking of PORFLOW

Verification and benchmarking of PORFLOW is described in Appendix H and in Piepho et al.
(1994). Software quality assurance (QA) for PORFLOW was followed according to the WHC QA proce-
dures (WHC 1992a) and software practices (WHC 1993a).

Verifying the suitability of the computational grid employed in an analysis is an important aspect of
any simulation. The unsaturated-zone cross section simulated for this performance assessment is depicted
in Figure 3.2. A computational grid has been superimposed on the engineered design. The computational
grid used in the numerical simulations, defined by a rectangular array of blocks in the horizontal and ver-
tical directions, was based on the following guidelines.

I. There must be at least three contiguous blocks within each material that appears in a given
horizontal row of blocks. Similarly, there must be at least three contiguous blocks within
each material in any vertical column of blocks.

2. The maximum block aspect ratio should not exceed I')--that is, for any block in the grid the
length-to-width ratio (or width-to-length ratio) must not exceed 10.
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3. The grid spacings should not change by more than a factor of 2 frm its neighbors.

4. Grid spacing should remain constant near vertical and horizontal material boundaries. Block
boundaries are defined in PORFLOW as midway between specified block centers.

These guidelines were imposed to reduce the amount of numerical dispersion in the simulations.
Figure 3.20 illustrates the grid used for the numerical simulations. The grid violates guideline 3 at one
place where Az, = 2.12 Azi_1 and at another place where Az, = 2.12 Azi . The minimum and maximum
Ax are 10 cm and 97.14 cm, respectively. Similarly, the minimum and maximum Az are 10 cm and
100 cm, respectively. There are 77 grid blocks in the x-direction and 162 grid blocks in the z-direction
for a total of 12,474 blocks. This number does not include so-called "border" or "pseudoblocks"
employed by PORFLOW in the two-dimensional plane being analyzed.

A coarse and a fine grid were used in the PORFLOW verification/benchmark study (Piepho et al.
1994). No significant differences were revealed in a comparison of results from those two grids. The
coarse grid used in that study was similar to one used in the performance assessment Because the grid
used in the performance assessment was intermediate in size compared to those used in the PORFLOW
verification study, more sensitivity analyses concering grid size were not considered necessary. All
sensitivity cases are described in another supporting document (Piepho 1994).

An automatic convergence control feature in the PORFLOW code was used in all simulations. As
a result, the convergence criteria selected for the pressure variable (e.g., varied frm 1 x 10-4 to 1 x 10-
for the cases simulated) was always met at each time step before moving to the next. With this feature, if
the convergence criteria are not met after a set number of iterations, the time step is cut and the simulation
for the time step restarted. This approach increases computer simulation times, but also ensures converg-
ence criteria are met.

3.5.2.4 Validation of PORFLOW

Validation of flow and transport models for predicting long-term impacts over thousands of years
has been difficult because data are generally not available to carry out such an exercise (Birdehoeft and
Konikow 1993). Presently, none of the revisions of PORFLOW have been validated for unsaturated flow
by comparison to Hanford laboratory or field data. The predecessor to PORFLOW Version 1.0,
PORFLO-3, Version 5.7, was validated for coupled head and saturated fluid flow with laboratory data
(Runchal et al. 1985). PORFLO-3 was calibrated with field data and used to simulate flow and transport
of strontium-90 from a trench in the 100-N Area to the Columbia River. Other validation exercises have
been performed with an older version of PORFLO-3 for simulation of flow and transport at an experi-
mental trench in Las Cruces, New Mexico (Wittmeyer and Sagar 1992a, b).
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3.5.3 Saturated Flow and Pathline Transport Code: SLAEMS

SLAEMS (Strack 1989) was used for the analysis of saturated flow and pathline transport in the
unconfined aquifer. SLAEMS (Single Layer Analytical Element Method-Stratified) is based on the
analytic element method and models the flow in detail for the region of interest (beneath the grout site
and toward the river) and with diminishing emphasis at greater distances away from the region of impor-
tance. SLAEMS is an extension of the SLAEM code that allows for multiple layers of different hydraulic
conductivity within the regional aquifer. Transport is limited to an advection-only approximation and
uses pathlines and particle tracking to estimate travel times.

The analytic element method involves superposition of closed-form analytic functions representing
individual features of an aquifer. Developing the approach involves identifying available theoretical,
closed-form solutions, and adapting them to the range of hydrologic features that occur in practical,
heterogeneous groundwater applications. These analytic expressions for hydrologic elements are com-
piled in a modular form into a computer code that provides the individual hydrologic elements and a capa-
bility to superimpose them and model complex aquifers.

3.5.3.1 Description of the SLAEMS Code

SLAEMS incorporates numerous analytic elements to model areal infiltration (recharge), rivers,
wells, ponds, and isolated features such as canals and impermeable objects. Inhomogeneities are used to
model zones in the regional aquifer that exhibit changes in the hydrogeology, e.g., base elevation, thick-
ness or number of layers, or hydraulic conductivity

Results can be viewed either graphically or in tabular form. The analytic element method generates
a continuous field of two-dimensional potential (head values) and stream function (streamlines), allowing
the user to redefine the window of inspection to investigate any portion of the regional aquifer. Graphics
capabilities allow plotting of the potential or stream functions. The graphics package allows particle trac-
ing based on this approximation. Particle tracing and streamline plots provide a means of analyzing con-
taminant movement. The areal influence of a source can be traced within the groundwater system, and
travel times from source to exposure can be estimated. SLAEMS incorporates a module for checking the
numerical solution.

3.5.3.2 Selection and Background of SLAEMS

The analytic element code SLAEMS was selected to simulate the unconfined aquifer because of its
flexibility and efficiency. The code provides a spatially continuous solution, eliminating the need for a
discrete grid. The SLAEMS code can be used to focus on detail in a small region of interest, such as the
Grout Disposal Facility, with diminishing interest and less detail at distances away from the facility.

The analytic element modeling method is a new application of some of the oldest groundwater
modeling techniques. The method includes techniques for modeling areal and vertical heterogeneities. It
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is based on closed-form analytical expressions for the particular subsurface hydrologic features to be

modeled in the groundwater system. The theory behind the code, numerous analytical elements, and the

first version of the modeling capability can be found in Strack (1989).

3.5.3.3 Verification and Validation of SLAEMS

In this performance assessment, verification of SLAEMS involved comparing alternate analytical

solutions (e.g., Thiem equation, method of images) with those of the model. Differences in the head val-

ues predicted by the model and alternate analytical solutions were less than the 1% error accountable to

numerical inaccuracies. In the strict sense, classical verification of the SLAEMS code is complicated by
the fact that SLAEMS is based on the analytic element method. Classical verification involves compar-

ing two different solutions to the same problem; one obtained from the numerical code and the other from

in analytical solution. However, SLAEMS is based on, and includes, those closed-form analytical
expressions.

Analytical elements may be linked or combined in a variety of ways. By nesting, overlapping, or
linking different elements (e.g., an impermeable wall nested within an inhomogeneity zone) it is possible
to model complicated aquifer systems. An advanced form of verification done on SLAEMS involved
determining the total steady-state groundwater flux for a predefined region in a complex problem. The
difference between the flux entering and leaving the specified window was less than a 1% error for the
cases examined.

The SLAEMS code has an established facility for verification during application to a particular
problem. Control points can be used to specify boundary conditions for a model based on SLAEMS.
These points, which are specified by the user, can be checked against values computed by the code. The
differences between specified and computed values should be less than a 1% error.

Applications of the SLAEMS code to sites other than Hanford are documented in Strack (1989).
Several of the applications described by Strack involved comparison of predicted to observed conditions
in natural aquifer systems. These documented applications provide assurance that the SLAEMS code is
properly coded and valid. For the Hanford Site application, the model was calibrated against measured
hydraulic heads in the unconfined aquifer from June 1984.

3.5.4 CCSUMRY-PF

A utility code, Contaminant Concentration SUMmaRY-PF (CCSUMRY-PF), was used to combine
information from the PORFLOW unsaturated-zone simulations with inventory information and ground-
water modeling results from the SLAEMS code for preparing well and river concentration data for dose
calculations. The modifier "-PF" denotes the version associated with PORFLOW. The code is used to
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translate unsaturated-zone modeling results for a single vault in two dimensions to 33 vaults in three
dimensions. Output consists of radionuclide concentrations in water pumped from a well or in water
entering the river over time.

CCSUMRY-PF was used to assemble the results produced by unsaturated zone flow and transport
computations, groundwater flow and travel time simulations, and individual contaminant inventory data
into contaminant arrival distributions at locations downgradient from the Grout Disposal Facility. Radio-
active decay occurring from the time of site closure (time zero) is also accounted for in CCSUMRY-PF.

Travel times within the saturated zone were small relative to those found in the vadose zone (Gee
et al. 1992). It was assumed that the travel times from the entry point at the water table to the downgradi-
ent locations are constant with time. The downgradient locations were 1) a pumped well where the con-
taminant is mixed in the well bore before environmental accumulation and exposure, and 2) the Columbia
River. In subsequent dose calculations, the groundwater contaminant flux arriving at the Columbia River
is mixed with the 3,400 m3/s flow rate of the river.

As previously described, the unsaturated-zone region simulated was a two-dimensional vertical
cross section of the actual problem; a three-dimensional rectangular parallelepiped containing a single
grout vault. This vertical cross section was assumed to have a unit thickness, to pass through the grout
vault, and to have "average" properties of the three-dimensonal problem. The vertical cross section,
sometimes called a "computational slice" where flow and transport calculations were made, was shown
previously in Figure 3.2. The water table is located at the bottom of the unit slice. The vadose zone flow
and transport analysis provides the dimensionless rate at which contamination enters the aquifer. The
fractional release rate to the aquifer is d(Q/Qo)/dt where Q0 is the initial mass of contaminant within the
slice and d(Q/Qo) is the fraction of the initial inventory released to the aquifer during the time period dt.
The rate of fractional release of inventory to the aquifer as a function of time serves as the input to
CCSUMRY-PF. The fractional release for the computational slice was scaled directly to the fractional
release for the field of vaults. This approach implies that the scale-up within a vault is based on the
length of the vault and neglects any effect caused by the ends of the vaults. Scale-up based on length is
reasonable because of the greater importance of advection compared to diffusion in release of contami-
nants from the vault. Also, scaling on a basis such as total vault surface area would release more than the
initial amount of mass.

At any specific moment in time, the product of d(Q/QO)/dt and the initial total site inventory for a
given waste species is the amount of that inventory item released to the groundwater by the entire dis-
posal system. This product was converted to a concentration by dividing by the volume of the disposal
site recharge to the aquifer, Qw* This concentration was further modified by a well intercept factor that
accounts for mixing of contaminated recharge in the aquifer. If the downgradient location of interest is
not a well, the well intercept factor is not applied in CCSUMRY-PF. Radioactive species were decayed;
the decay time is the travel time in the unsaturated zone plus the travel time in the unconfined aquifer.
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These travel times included any retardation from adsorption. This final quantity of water pumped from

the well or discharged to the Columbia River specifies concentrations of individual species at a specific

moment in time.

CCSUMRY-PF was checked by hand calculations to ensure the calculations were being performed

properly by the code. The code is under configuration management.

3.5.5 Dose Calculations: GENII Code

Doses resulting from human exposure to radionuclides disposed in grout were calculated with the

GENII environmental dosimetry software system for complex exposure pathways such as the irrigated

garden, or with published dose factors (U.S. DOE 1988b) for the simple dose calculations based on con-

sumption of drinking water. For the complex exposure pathways in the intruder, groundwater, and sur-

face water scenarios, the GENII code was used to generate "scenario dose factors" based on unit radio-

nuclide concentrations in the grouted waste, soil, or downgradient water supplies. The scenario dose

factors were then multiplied by the applicable radionuclide concentration in the environmental medium of

interest to obtain the final dose to an individual or population for that scenario. This approach was

adopted to allow the dose calculations to proceed simultaneously with groundwater modeling and devel-

opment of the final radionuclide inventories for grouted waste.

3.5.5.1 Selection and Background of the GENII Code

GENII was selected to calculate exposure and dose for this performance assessment because it was
developed specifically for Hanford Site applications and incorporates dosimetric and metabolic models
recommended by the ICRP

The GENII environmental dosimetry software system (Napier et al. 1988) was developed at PNL to
consolidate and update earlier pathway and dose codes used at the Hanford Site, and to implement
dosimetry models recommended by the JCRP (ICRP 1977, 1979-1988, 1986). The ICRP recommenda-
tions have also been adopted for use by DOE (U.S. DOE 1990b). The code may be used to calculate dose
for all significant exposure pathways based on chronic or acute radionuclide releases to air or water, or
from initial radionuclide concentrations in various environmental media. In this performance assessment,
the option to calculate doses from water or soil concentrations predicted with the PORFLOW, SLAEMS,
and CCSUMRY-PF codes was used. Inhalation and ingestion dose conversion factors are used to deter-
mine the dose from internally deposited radionuclides. GENII accounts for radioactive decay of the
parent radionuclide and buildup of daughter products in the environment. Appendix I presents a more
complete description of the GENII computer code as implemented for this analysis.

3.5.5.2 Environmental Accumulation Parameters and Dose Conversion Factors

Radiation dose from radionuclide concentrations in environmental media is calculated with concen-
tration ratios, transfer factors, and dose conversion factors. Concentration ratios are used to estimate
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radionuclide concentrations in vegetation from root uptake in soils. Transfer factors are used to calculate
radionuclide concentrations in animal products resulting from ingestion of radionuclides by animals
through feed and drinking water. GENII contains a library of default parameters for use when other data
are not available. Most of the default values were generated to be appropriate for the Hanford Site. For

analysis of the Grout Disposal Facility, a more comprehensive database frm a review of current literature
by Kennedy and Strenge (1992) was used.

Dose conversion factors are radionuclide-specific parameters that represent the dose resulting from
a unit intake, or exposure to a unit-concentration source, of a radionuclide. Five different types of radio-

nuclide dose conversion factors were used in the grout performance assessment. Inhalation and ingestion
dose conversion factors are internal. External dose conversion factors are used to quantify the dose from
exposure to radionuclides in surface soil, buried waste, or by immersion in contaminated water. The
internal dose conversion factors used here are based on models recommended in the ICRP Publica-
tions 26, 30, and 48 (ICRP 1977, 1979-1988, and 1986), and internal and external dose conversion factors

are published in two DOE publications (U.S. DOE 1988a, 1988b).

The GENII package of codes was developed under a Quality Assurance (QA) plan based on the
American National Standards Institute (ANSI) standard NQA-1 (ASME 1986) as implemented in the
PNL Quality Assurance Manual PNL-MA-70. (Procedures for Quality Assurance Program,
PNL-MA-70, is a controlled document used internally at the Pacific Northwest Laboratory (PNL); infor-

mation regarding the manual may be obtained from PNL in Richland, Washington.) Development of the
code was documented and tested at each stage by extensive hand calculations. The code was verified and
tested. Separate extemal peer reviews of the internal dosimetry portions of the code and of the entire
code package were conducted during the development stages, and the recommendations of the review
committees were incorporated into the final product. Validation is being performed by participation in
the International Atomic Energy Agency Validation of Model Predictions (VAMP) program.

3.6 Case Descriptions

The purpose of this performance assessment is to estimate the potential exposure and incremental
dose from the release and migration of low-level radioactive waste disposed in a grout waste form. Both
near-term exposures to intruders and long-term exposures to individuals in the vicinity of the facility ar
of interest.

The pathways and scenarios described in Section 3.2 revealed that the subsurface pathway, includ-
ing both the unsaturated zone and the unconfined aquifer, is the primary transport pathway conducting
contamination to the accessible environment and humans. Dominant processes and associated models for
the release and migration of contamination were described, and model parameters presented, in Sec-
tions 3.3 and 3.4 for simulating the performance of the existing engineered and natural systems. Degrada-
tion processes expected to alter the engineered system, and estimates of the associated timing and
magnitude of degradation, were also described in Section 3.3. The general modeling approach and the
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codes employed in simulations were presented in Section 3.5. This section will summarize the data
applied in two key or central simulations, and describe specific details for each of the cases analyzed.
The results are presented in the next chapter.

This performance assessment was conducted through a series of computer simulations to model the
long-term performance of the Grout Disposal Facility. The simulations were used to follow the move-
ment of contaminants from the grout, through the vault and asphalt barrier, and through the soils and sedi-
ments to the groundwater beneath the disposal site. Specific simulations (or cases) were run to compare
to performance objectives, evaluate design features, and evaluate model sensitivities.

A set of four compliance cases was run to evaluate the long-term performance of the disposal sys-
tem in terms of the performance objectives outlined in Chapter 1. These compliance cases included the
gradual degradation of the grout, vault, and asphalt barrier from cracking and biodegradation of the
asphalt. The cases included a central compliance case and cases with delayed cracking of the vault and
asphalt, reduced structure resolution, and a composite model of cracking.

The five design cases help determine the role of individual components in the engineered system
and identify those that most significantly influence the long-term exposure and dose estimates. This

knowledge serves to define those system components whose physical. hydraulic, and transport properties
to be further studied. The design cases evaluated the roles of the grout waste form. vault, asphalt barrier,
gravel layer above the asphalt barrier, and the RCRA cover.

Numerous sensitivity cases were modeled to understand the effect of inherent material properties
on the overall system performance. These properties include contaminant retardation coefficients,
unsaturated hydraulic properties, saturated hydraulic properties, degradation rates, and degradation loca-
tions. The sensitivity cases also considered the impacts of a higher water infiltration rate. Ranges of
these properties are modeled to quantify the impact on public exposure. The relative change in dose
resulting from property changes is a measure of the sensitivity.

The remainder of this section presents the general set of model parameters applied in the central
sensitivity and central compliance cases, and the details specific to each case necessary to describe the
results presented in Chapter 4. Hydraulic and transport model data are compiled in tables for the central
sensitivity and central compliance cases. All other compliance, design, and sensitivity cases are then pre-
sented in terms of how they differ from their respective central case. In this last subsection, where details
of individual cases are described, the compliance cases are presented first. They are followed by related
cases that examine specific issues such as radon release or upward diffusion, and these are followed by
the central sensitivity case, design cases, and sensitivity cases. Results from simulation of the compliance
cases are compared to the performance objectives and appear first in Chapter 4. The design and sensitiv-
ity cases support the compliance cases by providing insight into the system responses.
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3.6.1 Hydraulic and Transport Properties of the Central Sensitivity Case

Hydraulic and transport properties for intact components of the engineered system were presented
in Section 3.3. Degradation mechanisms and degraded states for these same components were also
described. This section summarizes the data employed in a case that is central to the analysis, the central
sensitivity case. In this case, hydraulic and transport properties were fixed for all time with the exception
of those for the asphalt barrier. Those properties changed after 90,000 years when the asphalt barrier was
assigned the hydraulic and diffusion properties of backfill soil. This case is central to other cases used to
study the influence of engineered components of the design, and the sensitivity of results to hydraulic and
transport model parameters. Additional details about this case and others related to it are presented later
in this section.

Cases related to this central case are based on the philosophy that the performance of engineered
and natural system components can be studied on a comparative basis using perturbations from a central
case that does not include several stages of degradation. The perturbations addressed here involved the
absence or presence of components (e.g., barriers or elements of the natural system) and ranges of
hydraulic and transport model parameters. The central case for purposes of these comparisons was the
central sensitivity case. Its conceptual model and suite of hydraulic and transport properties are summa-
rized below.

3.6.1.1 Conceptual Model of the Central Sensitivity Case

The vertical cross section analyzed in this case was bounded left and right by symmetry boundaries,
and above and below by the base of the permanent isolation barrier and the water table (see Figure 3.2).
The components of the engineered system modeled were the RCRA cover, a partial gravel layer, backfill
soil, asphalt barrier, concrete vault, and grout. Details of the HDPE flow net, thermal insulation board,
catch basin, and sump were not simulated; these components were modeled as part of the concrete vault.
Three significant aspects of the case which define its overall release were 1) gravel was placed only in the
region immediately above the concrete vault/asphalt barrier; 2) cracks were defined in horizontal and ver-
tical planes in the upper corners, and horizontal cracks in the lower comers of both the asphalt barrier and
concrete vault; and 3) asphalt in the asphalt harrier was completely biodegraded in 90,000 years.

Gravel Layer. While the-design calls for a continuous layer of-gravel-to be placed above the pair
of vaults sharing a RCRA cover, all analyses have associated gravel properties only with the region
immediately above the vault. Regions above and to the left and right of the gravel layer were assigned
the properties of the backfill soil. Such a configuration of soil property assignments will allow more infil-
tration to drain to the left of the vault than is expected to occur if the gravel is continuous to the left
symmetry boundary.

Horizontal and Vertical Cracks. Regions defined as cracks were placed in the corners of the con-
crete and asphalt components of the structure based on experience in the design and failure modes of
structures, i.e., professional judgement. Initially, cracks would be on the scale of millimeters; however,
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their width could increase with time. To simplify the central sensitivity case, a single computational cell

was assigned the properties of the crack. (Sensitivity cases described in Section 3.6.5.3 studied the possi-

ble influence of crack widths smaller than a single cell using equivalent property relationships for flow

and diffusion parallel to layers of different materials.)

The hydraulic and transport properties of the unsaturated and cracked concrete and the asphalt bar-

rier materials are unknown. To ensure that hydraulic and transport properties assigned to these zones of

the analysis did not control the analysis, an equivalent porous media model was adopted and cracks were

assigned the properties of the backfill soil. All horizontal cracks interface with backfill soil as the sur-

rounding soil type, and, thus, adopting soil properties eliminates an interface between properties at the

exterior of the structure. In addition, because of the pore structure and wettability of soils, water will

readily flow through the soil. This treatment was assumed to be conservative regarding the hydraulics of
discrete fractures in either concrete or asphalt barrier materials. Cracks may be discrete (e.g., present an
air gap with occasional points of contract between surfaces) and unsaturated water flow is impeded by air
gaps. Furthermore, asphalt is not wet by water, and, therefore, it is unlikely that it will transmit liquid
water under unsaturated conditions. To maximize the cracks' potential influence, they were configured to
be a direct path from the grout and through both the concrete vault and asphalt barrier to the surrounding
backfill soil and gravel.

Biodegradation. Biodegradation of asphalt was considered as a method of completely removing
the asphalt from the asphalt barrier. Measured rates of biodegradation for the asphalt are approximately
1 x 104 cm/yr (Luey and Li 1993). Using a simple two-sided biodegradation model (e.g., interior and
exterior surfaces) implies complete biodegradation in 500,000 years. Thus, assuming complete biodegra-
dation after only 90,000 years is conservative. It is unlikely that biodegradation will completely remove
the asphalt; however, the properties of backfill soil were assigned to the asphalt barrier region after
90,000 years.

As biodegradation occurs at surfaces of the asphalt barrier, the portion of the barrier containing
asphalt decreases and the portion of simple aggregate increases. This assumes biodegradation completely
removes the asphalt and leaves behind only the aggregate. Furthermore, it is assumed the pore structure
of the aggregate remains unchanged, i.e., the total porosity remains equal to 0.202. The aggregate is
modeled, as elsewhere in this conceptualization, as backfill soil because of the similarities in their engi-
neering specifications (e.g., grain size distributions). Diffusion through the asphalt barrier moves ortho-
gonally to layers of intact asphalt barrier and the biodegraded asphalt barrier. An equivalent effective
diffusion coefficient can be defined for either an individual computational cell or the entire barrier thick-
ness, as represented by several computational cells. The equivalent parameter, as a function of the dif-
fusion coefficients and thicknesses for each layer, was calculated according to classical theory (Crank
1975, pg. 267). This particular parameter was updated continuously (at each time step) during the simu-
lation. Because diffusion is orthogonal to the layers and the effective diffusion coefficient in the intact
asphalt barrier is quite low (I x 10-10 cm2/s), biodegradation of the barrier must be nearly complete before
the equivalent effective diffusion coefficient significantly increases. Therefore, equivalent parameters

September 1994 3.100



WHC-SD-WM-EE-004, Rev. 1

were established on the basis of the entire barrier thickness, thus reducing the number of equivalence cal-
culations and the complexity of property updating (e.g., a) I asphalt barrier computational cells were
updated simultaneously).

3.6.1.2 Summary of Hydraulic and 'ITansport Properties

The properties of intact engineered system and existing unsaturated zone profile are presented in
Table 3.22. Components of the engineered system identified in the table include the asphalt barrier after
90,000 years, asphalt cracks, and concrete cracks. Each of these subregions of the model domain were
assigned the properties of backfill soil, The properties assigned to the Hanford and Ringold formations
are also provided in the table.

Table 3.22. Summary of Hydraulic and Transport Properties for the Central Sensitivity Case

Material

Asphalt Barrier
t < 90,000 yr
t 90,000 yr

Asphalt Cracks

Reinforced Concrete

Concrete Cracks

Grout

RCRA Cover

Gravel Layer

Backfill Soil

Hanford Formation
- Sandy Sequence

K,
(cm/s)

I x 10-20
3 x 10.2

3 x 10-2

3.75 x 10-"

a
Porosity(a) _ , (cm')

0.162 0.162 0.0 1.0 x to's
0.202 0.371 0.045 0.0683

0.3710 0.371 0.045 0.0683

0.2258

DO
n (cm-/s)

2 1,x10-10

2.08 2.5 x 10-'

2.08 2.5 x 10

a b

1
0.005

0.005

10.2258 0.0 7.61 x 10-6 1.393 5 x 10-8

0
10

10

0

3 x 10- 0.3710 0.371 0.045 0.0683 2.08 2.5 x 10-5  0.005 10

1.47 x 10-' 0.5781 0.5781 0.0 1.08 x 10-5  1.65 1 x 10-6 1 0

1 x 10-7  0.448 0.448 0.0 5.39 x 10~4 1.324 2.5 x 10-5  0.005 10

1.85 0.518 0.518 0.014 3.5366 2.661 2.5 x 100 1 0

3 x 10-2 0.371 0.371 0.045 0.0683

1.55 X to-
- Gravel Sequence 2.73 x 10-4

Ringold Formation 2.42 x 10,6

0.4203

0.3584

0.4982

0.4203 0.0234 0.1943

0.3584 0.0213 0.0290

0.4982 0.0283 0.0176

2.08 2.5 x 10-' 0.005 10

1.868 2.5 x 10-' 0.005 10

1.613 2.5 x 10-' 0.005 10

1.338 2.5 x 10-5 0.005 10

(a) The PORFLOW code requires the porosity, or saturated moisture content, to be input along with residual
saturation, which is defined as 0/,. For the asphalt barrier after 90,000 years, the porosity value entered
was 0.202, indicating a biodegraded barrier. The residual saturation and other unsaturated soil
characteristics are of a backfill soil; e.g., 8/, = 0.1213. Thus, backfill soil hydraulic characteristics are
applied to determine saturation levels in the asphalt barrier aggregate, which has a total porosity of 0.202.
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Sorption was associated only with the grout and natural sediments, including backfill soil. How-
ever, sorption was not included in any crack regions or in the biodegraded asphalt. The sorption proper-
ties assigned to grout, backfill soil, and the Hanford and Ringold formations are summarized in
Table 3.23. The code used to simulate water flow and contaminant transport in the unsaturated zone cal-
culated the retardation factor (R) based on distribution coefficient (R), grain or particle density, and total
porosity (or its equivalent, saturated volumetric moisture content). Values for each of these parameters
are provided. Because R. data do not exist for the spectrum of soils underlying Hanford, single conserva-
tive values of R, were adopted to represent individual contaminants in all the soils and sediments.

Table 3.23. Summary of Sorption Properties for Transport Groups in Grout and Soils/Sediments'

Grout R
(mI/O)Group Species

IA 'H, "'Ru, "RuRh, 'Sb, 'I

2A "fT

2B Tb, 'Nb

0

2

2

Grout R

1

4.82

4.82

Soil R,
(ml/g)

.0

0

0.67

3A Selected chemicals only

3C "Co, "Ni, "Se, "Sr, '"Sn, 'Sn, 'Cs, "'Cs, "'Cs, "Ra,
"'Np

4A "C, "'U, "'U, "'U

4D "Zr, '"CePr, "Eu, 'Eu, "Tu, 'Th, "'Pu, "Pu, "'Pu,
"'Pu, "'Am, 'Cm, 'Cm

125 240

125 240

2625

2625

5020

5020

(a) No sorption in asphalt barrier, concrete vault, cracks in either asphalt or concrete, RCRA cover,
or gravel.

(b) R = 1 + (pjR/); data required to make this calculation are as follows:
Grout: Particle density = 2.62 g/ml, 0 =

Backfill Soil 2.72
Hanford - Sandy 2.72
Hanford - Gravel 2.72
Ringold 2.72

0.578 1, Bulk density (p.) = Particle density x (1-0)
0.371
0.4203
0.3584
0.4982

September 1994

0

3

0

21

3.102



WHC-SD-WM-EE-0()4, Rev. I

3.6.2 Hydraulic and Transport Properties of the Central Compliance Case

This section presents additional notes on the conceptualization and data employed in the central
compliance case. Where in the previously described central sensitivity case the hydraulic and transport
properties were fixed for all time (with the exception of those for the asphalt barrier), in the central com-
pliance case the properties go through step changes. Each step change represents a discrete change to a
more degraded state. The one exception to this approach is the treatment of water vapor diffusion, which
increases linearly increased over the defined intervals. Additional details on this and related compliance
cases follow this presentation of the genera] data for the central compliance case.

The central compliance case provides a central point of reference for several compliance cases.
However, no single compliance case should be viewed as more or less probable than another. Special
aspects of the conceptual model and the hydraulic and transport properties for the central compliance case
are summarized below.

3.6.2.1 Background

The compliance case simulations included stepped or staged degradation. In these cases, at specific
moments in time, the hydraulic and transport properties (or both) were altered to reflect a more degraded
physical or chemical state of the engineered system. To transition the system from intact (as built) per-
formance to fully degraded performance, several steps were taken.

To examine the potential effect of degradation, the level of degradation must be related to changes
in model parameters. One approach to this problem was to forecast a level of degradation (i.e., specify
the size and spacing of cracks), propose alternate models of flow and transport for degraded structures
(e.g., discrete fracture, equivalent porous media, composite porous media, etc.), and evaluate the perform-
ance of the alternate models (e.g., required time step and spatial resolution to control numerical dispersion
and obtain simulation accuracy). Ultimately a preferred model would be selected, and its hydraulic or
transport model parameters would be selected to accurately reflect the levels of degradation.

A second approach involved fixing the end points of the performance continuum as intact (as built)
and fully degraded. This was done in terms of the key hydraulic or transport property of interest. For
example, the saturated hydraulic conductivity of the asphalt barrier has an intact value of I x 10-21 cm/s
and a fully degraded value corresponding to the backfill soil, i.e., 3 x 10.2 cm/s. Parameter values
between these two states were related to the assumed levels of degradation (size and spacing of cracks).
Values were derived from classical equivalent formula for the porous media property of flow and diffu-
sion parallel or orthogonal to layers (Harr 1962, pg. 27; Crank 1975, pg. 267 and 273), or they were
assigned based on professional judgement. While classical methods exist for defining equivalent satu-
rated hydraulic conductivity and effective diffusion coefficients, no methods exist to define equivalent
model parameters for unsaturated hydraulic characteristics. Despite this shortcoming, the second
approach was used to develop properties associated with the degradation steps for the compliance cases.
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A change in the physical system should produce related changes in all hydraulic and transport
properties. For example, changes in pore structure should cause related changes in conductivity, diffu-

sion, porosity, and unsaturated hydraulic characteristics. However, concepts and modeling approaches
for addressing the degradation of materials have not been developed for the unsaturated zone profile. The
approach taken in this study (i.e., to simply stop the simulation, insert new hydraulic and transport proper-
ties, and restart the simulation) revealed that care must be taken to conserve mass. With the exception of
the concrete medium, which showed only minor porosity alteration when cracked, the solution to the
mass conservation problem was to hold the porosity constant throughout the analyses. Attempts to vary
the total porosity of the asphalt barrier with the formation of cracks or biodegradation of asphalt led to
significant mass balance errors.

Another observation related to changing hydraulic properties and conserving mass was the apparent
release of water from a material when the material's unsaturated hydraulic characteristics were altered.
Clearly, if the ability of a medium to retain water is altered by changing its air entry potential, saturated
moisture content, residual moisture content, saturated hydraulic conductivity, etc., then drainage can
occur as the problem domain seeks a new equilibrium. The sudden release of contaminated water from
altered components of the engineered structure, or the sudden drainage of contaminated pore water from
grout, can result in unrealistic surges of water and contaminant through the unsaturated sediments and
into the accessible environment. To avoid such events, the unsaturated hydraulic characteristics of the
backfill soil were used to calculate the relative saturation for the intact and degraded asphalt barrier, the
degraded asphalt corner crack regions, and the degraded reinforced concrete. Note, the total porosity or
saturated moisture content of the media were set to the values associated with each particular media. The
relative saturation, at a moment in time and point in space, was applied to the total porosity of the
medium to determine its associated unsaturated moisture content. The unsaturated hydraulic characteris-
tics of grout were not altered during the simulation. While this treatment is known to be flawed from the
viewpoint of basic soil physics, the separate treatment of these properties has been necessary to produce
simulations.

Those components of the engineered disposal system composed of natural material (i.e., the RCRA
cover, gravel layer, and backfill soil) and the undisturbed sediment profile (i.e., Hanford formation sandy
and gravel sequences, and Ringold formation) have not been degraded over time. Among these materials,
only the long-term performance of the gravel layer was a concern. The performance of the gravel layer as
a capillary break is known to be dependent on the amount of fine soils that can infiltrate the gravel and
alter its hydraulic characteristics. Tests have shown the movement of fine soils into an open gravel
caused by simulated earthquakes to be a maximum of 5.1 cm (2 in.) along vertical interfaces and 12.7 cm
(5 in.) along horizontal interfaces (Kramer and Holtz 1989). The gravel layer, which has not been con-
structed and therefore can be altered to ensure performance, will be of sufficient thickness and slope
(10%) to function as a capillary break.
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3.6.2.2 Conceptual Model of the Time Intervals and Associated Degradation

At most, four degradation steps have been defined and only three for the reinforced concrete vault.
The first step represents a virtually intact state; the last represents maximum degradation. Simulations
have been conducted by assigning the defined properties (i.e., model parameter values) at the beginning
of the associated time interval. However, these properties should not be interpreted as the actual property
values at the beginning of the time interval; if this were true, then the model would not account for degra-
dation during that time period. The property values can be interpreted as averages during the time
interval, or as the property values at the end of the time interval. If the latter interpretation is made, the
model of degradation would be conservative, because the greatest degradation during the time interval
would have been applied throughout the interval. To the extent the initial property values assigned to the
first time interval are conservative, the average value interpretation applies to the compliance cases.
Using the intact (as built) property values in the absence of a well-defined model of the timing and
magnitude of degradation, and the relationship between degraded states and hydraulic and transport
parameters, makes it inappropriate to assert the model is absolutely conservative or bounding.

A determining factor in the definition of the compliance cases and the timing of overall degradation
was the time required to completely biodegrade the asphalt barrier. Complete biodegradation was
modeled to require a short 40,000 years. The maximum published value of biodegradation was
I cm/1,000 yr. If the 1-m- (3-ft-) thick barrier were to degrade on both interior and exterior surfaces, a
50,000-year period would be required for complete biodegradation. A conservative rate of biodegrada-
tion measured for the AR-6000 asphalt used in the construction of the vaults was 1.2 x 104 cm/yr, or
1.2 cm per 10,000 years. A value of I cm/10,000 years implies two-sided biodegradation would require
500,000 years. Thus, the assumed 40,000-year interval for complete biodegradation is conservative.

Based on the professional judgement of structural engineers, the upper comer of the asphalt was the
most likely place for cracks to appear following degradation of the thermal insulation board and slumping
of the barrier material. Discrete 5-mm horizontal and vertical cracks were placed in the upper comers of
the asphalt barrier and aligned with the comer of the concrete vault. However, unlike the central sensi-
tivity case, the concrete structure was not cracked along the same plane and, thus, a continuous crack was
not created between the grout and the surrounding sediments. The presence of discrete cracks in the con-
crete vault at construction joints will be described in Section 3.6.3.1.

All other cracks in the asphalt barrier and concrete vault were assumed to be evenly distributed on
the surfaces of the respective structure. Equivalent saturated hydraulic conductivity and effective diffu-
sion coefficient values were applied uniformly to the surfaces. The size and spacing of these cracks, and
their assignment to the backfill soil properties, define the information necessary to calculate equivalent
conductivity and diffusion coefficient values.

Asphalt Barrier. The conceptual model for degradati on of the asphalt barrier calls for biodegrada-
tion to act continuously, and for through-wall cracks to appear after 10,000 years. These cracks will
exhibit a maximum size and minimum spacing of 1 mm on a I -m grid in the time interval between
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10,000 and 100,000 years. The time periods and assumed cracks for the asphalt barrier in the central
compliance case are listed below. As noted above, the biodegradation rate assumed is clearly conserva-
tive (Table 3.24).

Asphalt Corner Cracks. The conceptual model identified 5-mm horizontal and vertical cracks in
the upper comers of the asphalt barrier during the 100- to 1.000-year time interval. The time periods and
assumed cracks for the asphalt comer crack regions are listed below. The crack widths are increased over
time, allowing biodegradation of the crack surfaces (Table 3.25).

Reinforced Concrete. The conceptual model called for the following levels of degradation in the
concrete structure:

* During the 0- to 100-year time interval, the only degradation was initial cracking of mof
plank joints

* During the 100- to 1,000-year time interval, three types of degradation occurred: 1) roof
plank joint cracks increased in width, 2) construction joint cracks appeared, and 3) surface
cracks developed in response to rebar corrosion

Table 3.24. Crack Size/Spacing as a Function of Time for the Asphalt Barrier

Time, yr

0 to 5,000
5,000 to 20,000

20,000 to 40,000
> 40,000

Crack Size and Spacing

None
I mam at I m
I cm at I m
Complete biodegradation

Table 3.25. Size of Asphalt Comer Crack as a Function of Time

Time, yr

0 to 100
100 to 20,000

20,000 to 40,000
> 40,000

Crack Size and Spacing

None
5 mm
2 cm
Complete biodegradation (20 cm)
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* Beyond 1,000 years, degradation continued because of the roof plank joint cracks, construc-
tion joint cracks, and surface cracking associated with increased steel corrosion. General
through-wall cracks appeared in response to the weakened structure and increased seismic
loads.

The time periods and assumed cracks for the reinforced concrete vault are listed in Table 3.26. Through-
wall cracks appear in the model at discrete locations, e.g., construction joints, from the initialization of the
simulation. The placement of through-wall cracks in the roof, walls, and floor, and nuances of property
assignments for these cracks, are described in Section 3.6.3.1. General through-wall cracks appeared in
the concrete structure after 5,150 years.

Grout. Degradation of the grout monolith is related to the degradation of the reinforced concrete
vault. As the concrete vault degrades, as indicated by the appearance of through-wall cracks, seismic
loads originally bome by the reinforced concrete structure are transferred to the grout monolith. Such
loads would cause the grout monolith to fracture. For the central compliance.case, this degradation was
modeled at earlier times when cracks appearing in grout would be filled by precipitated solids, i.e., cal-
cium carbonate or calcium silicate hydrates, thus re-establishing the high integrity of the waste form. At
later times, the capacity to produce reaction products is expected to diminish. The approach taken to
quantify the degradation of grout was to define the initial and end-state values of changing properties and
select intermediate values from that range. The time intervals of the degraded states for grout were iden-
tical to those for the asphalt barrier.

3.6.2.3 Saturated Hydraulic Conductivity and Porosity

Saturated hydraulic conductivities for the different degradation states relied on the intact and fully
degraded state values. When crack size and spacing was defined for a degradation interval, the equiva-
lence formula for flow parallel to stratification was employed to define an equivalent porous media
property. As noted above, the porosity assigned to materials was held constant, with the exception of that
for the reinforced-concrete material.

Table 3.26. Crack Size/Spacing as a Function of Time for Reinforced Concrete

Time, yr Crack Size and Spacing

0 to 5,150 No generalized cracking, only discrete roof and construction joint
cracks at time = 0.

5,150 to 20,000 1 mm at I m
> 20,000 2 mm at I m
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Asphalt Barrier. The intact conductivity value of I x 10-1 cm/s was based on nitrogen gas per-
meability measurements and represents a conservative estimate of liquid water conductivity because the
viscosity of the water and the wetting properties of the asphalt barrier have been neglected. The fully
degraded value was based on two assumptions: biodegradation removes all asphalt, and the conductivity
of the aggregate in the asphalt barrier is analogous to that of the backfill soil, i.e., 3 x 10-2 cm/s. If all
asphalt was not removed from the aggregate by biodegradation, the total porosity of the aggregate would
be lower and a lower conductivity should result. Thus, use of the backfill soil value is believed to be
biased toward a conservative estimate. Values of conductivity for the two intermediate time intervals
were calculated using the equivalence relationship for flow parallel to stratification.

In this and other applications of the equivalence formula, the proportion of surface area devoted to
cracks was defined by crack width per unit length of surface in the cross section, e.g., 1 mm of crack per
I m (3.3 ft) of roof, wall, or floor. On a fractional basis, this implies a I -m length of asphalt barrier sur-
face is divided into a 0.001-m crack and 0.999 m of intact material. The true fraction would be defined
on a surface area basis, i.e., 1-nm cracks on a 1-in (3.3-ft) grid would equate to two 1-mm cracks on a
Im2 (107-ft2 ) surface- The corresponding fractions would be-a 0-002-m crack ara and 0.998 M2 of
intact material. However, the former definition was employed in this analysis. For example, the satu-
rated conductivity during the 5,000- to 20,000-year time interval was defined by the product of saturated
conductivity of crack and fraction of crack space, added to the product of the bulk material conductivity
and its fraction of space, i.e.,

Ksat = (3 x 10-2 cm/s) x (0.001) + (I x 10- 11 cm/s) x (0.999) = 3 x 10-5 cm/s (3.11)

The saturated hydraulic conductivity for the other time interval was similarly calculated. The saturated
hydraulic conductivity and porosity values for the asphalt barrier are listed in Table 3.27.

Table 3.27. Saturated Hydraulic Conductivity and Porosity of the Asphalt Barrier

Time, yr Ksat Porosity Crack Size and Spacing
(cm/s)

0 to 5,000 1 x 10-11 0.04 None
5,000 to 20,000 3 x 10 0.04 1 mm at rn

20,000 to 40,000 3 x 10 4 0.04 1 cm at I m
> 40,000 3 x 10-2 0.04 Complete biodegradation
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The porosity for the asphalt barrier was assigned the value 0.04 and held constant throughout the
simulation to ensure mass conservation. This decision was based on the source of the conductivity meas-
urement. The nitrogen gas permeability was determined for the air void volume (i.e., the available poros-
ity of 0.04), and water flow can occur only through this same porosity. Of course, as biodegradation
removes the asphalt, the available porosity should increase to 0.202; however, based on the measured bio-
degradation rate, this amount of pore space would not actually be available within the entire barrier until
well after 40,000 years. Sensitivity analyses were conducted comparing the use of a constant 0.04 versus
a constant 0.202 porosity. Of the cases simulated, the case employing porosity of 0.04 produced slightly
higher releases.

Asphalt Corner Cracks. The intact and end state values for saturated hydraulic conductivity of
the asphalt barrier were applied to the comer crack regions. Similarly, the constant porosity of 0.04 was
adopted. Values of saturated hydraulic conductivity were calculated using the equivalence relationship
for flow parallel to stratification. The cracks were embedded in a 20-cm- (7.9-in.-) wide computational
cell. The saturated hydraulic conductivity and porosity values for degraded asphalt comer crack regions
are listed in Table 3.28.

Reinforced Concrete. The saturated hydraulic conductivity of intact concrete was taken as the
laboratory-determined value, i.e., 3.75 x 10-10 cm/s (see Appendix J). The value for fully degraded con-
crete was based on the assumption of a maximum crack width of 2 mm and a minimum crack spacing of
I m (3.3 ft) after 20,000 years. The saturated hydraulic conductivity of the crack was assigned the value
for backfill soil, and the equivalence relationship for flow parallel to stratification was applied. The value
of saturated hydraulic conductivity for the intermediate degradation step was similarly calculated based
on a crack size and spacing of 1 mm and I m (3.3 ft).

Porosity of the intact reinforced concrete was also the laboratory-determined value, i.e., 0.2258.
Unlike other components of the engineered disposal system, the porosity of the concrete was adjusted to
reflect an increase in porosity resulting from the creation of an open crack of the defined aperture. This

Table 3.28. Saturated Hydraulic Conductivity and Porosity of the Asphalt Comer Cracks

Time, yr Ksa3 (cm/s) Porosity Crack Size and Spacing

0 to 100 1 x 10-' 0.04 None
100 to 20,000 7.5 x 104 0.04 5 mm at 20 cm

20,000 to 40,000 3 x 101 0.04 2 cm at 20 cm
> 40,000 3 x 10- 0.04 Complete biodegradation
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calculation uses the same method for determining the spatial fraction devoted to a cracked region and the
intact material as that employed in the equivalent conductivity calculation, i.e.,

Porosity (at 5,150 yr) = (1.0) x (0.001) + (0.2258) x (0.999) = 0.2266 (3.12)

The end-state value of porosity was similarly defined based on the crack size and spacing. The saturated
hydraulic conductivity and porosity values for degraded reinforced concrete are listed in Table 3.29.

Grout. A different approach was taken to define properties associated with the degraded states of
grout. A relatively low range in saturated hydraulic conductivity was adopted for grout assuming that as
fractures develop in the waste form, water movement into the fractures or in the adjacent media would
result in the precipitation of minerals in the fractures or on the surfaces of the fracture, thus filling the
fractures and re-establishing a low-conductivity porous medium. The saturated hydraulic conductivity of
intact grout was selected to be I x 10-10 cm/s. This was based on scoping studies that have shown
I x 10-1) cm/s as the value for Ksat on grout cores. This value needs to be confirmed in future research.
The fully degraded or end-state Ksat value for grout was based on the assumption that aged or degraded
grout would be similar to the Ringold formation sediments found at Hanford. The saturated hydraulic
conductivity of Ringold formation used in this analysis was 2.42 x 10-6 cm/s (see Appendix J), and the
value assigned to fully degraded grout was 1.5 x 106 cm/s. Order-of-magnitude changes were assigned
to saturated hydraulic conductivity for the earlier time intervals of degradation. Because the grout
continues to cure over time, and because any fractures are assumed to be filled by precipitated minerals,
the porosity of grout was held at its measured value of 0.57 1. Values of saturated hydraulic conductivity
and porosity for degraded grout are listed in Table 3.30.

3.6.2.4 Unsaturated Hydraulic Characteristics

As noted in Section 3.6.2.1, to eliminate surges of water and contaminants within the unsaturated
zone in response to changes in hydraulic properties, the unsaturated hydraulic characteristics were held
constant after the onset of degradation. Degradation took the form of cracks in either the asphalt barrier
or reinforced concrete, and in the biodegraded asphalt barrier material. With one exception as described

Table 3.29. Saturated Hydraulic Conductivity and Porosity of Reinforced Concrete

Time, yr Ksat (cm/s) Porosity Crack Size and Spacing

0 to 5,150 3.75 x 10-10 0.2258 None
5,150 to 20,000 3 x 10-5 0.2266 1 mm at I m

> 20,000 6 x 10-5 0.2274 2 mm at Im
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Table 3.30. Saturated Hydraulic Conductivity and Porosity of Grout

Time, yr Ksat Porosity
(cm/s)

0 to 5,000 1 x 10r10  0.5781
5,000 to 20,000 1.5 x 10~' 0.5781

20,000 to 40,000 1.5 x 10- 0.5781
> 40,000 1.5 x 10' 0.5781

below, the unsaturated hydraulic characteristics of backfill soil were assigned to these degraded materials.
This was done because backfill soil will transmit water more readily than other media in these analyses,
and therefore using the characteristics of backfill soils ensured that the hydraulics of the degraded mate-
rial would not limit release.

The unsaturated characteristics listed below were used to predict the degree of saturation in the
media. To obtain water content, the predicted saturation was multiplied by the porosity, which was set
independently.

Asphalt Barrier. Because of the similarity assumed between the aggregate in the asphalt barrier
and the backfill soil, and the absence of measured unsaturated hydraulic characteristics, the characteristics
of the backfill soil were assigned to the asphalt barrier for all time. These characteristics were specified
in terms of four van Genuchten-Mualem model parameters: saturated moisture content, 0.; residual mois-
ture content, Or; a fitted parameter, a (which physically approximates the inverse of the air entry poten-
tial); and another fitted parameter, n. These characteristics are listed in Table 3.31 for the asphalt barrier.

Asphalt Corner Cracks. The unsaturated hydraulic characteristics of intact reinforced concrete
were assigned to the initial 100-year time interval. This property assignment created a continuous con-
crete medium from the interior surface of the concrete structure (in contact with grout) to the surrounding

Table 3.31. Unsaturated Hydraulic Characteristics of the Asphalt Barrier

Time (1,000 yr) Porosity Crack Size and Spacing Unsaturated Characteristics

0", er, ( (cm-1), n

0 to 5,000 0.04 None 0.371, 0.045, 0.0683, 2.08
5,000 to 20,000 0.04 1 mm at 1 m 0.371, 0.045, 0.0683, 2.08

20,000 to 40,000 0.04 1 cm at I m 0.371, 0.045,0.0683, 2.08
> 40,000 0.04 Complete biodegradation 0.371, 0.045, 0.0683, 2.08
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environment. The unsaturated hydraulic characteristics of the backfill soil were applied during all other
degradation time intervals. These characteristics are listed in Table 3.32 for the asphalt comer crack
regions.

Reinforced Concrete. The unsaturated hydraulic characteristics of intact reinforced concrete were
assigned to the initial 5,150-year time interval. The characteristics of backfill soil were applied thereafter.
These parameters are listed in Table 3.33 for the degraded reinforced concrete.

Grout. The unsaturated hydraulic characteristics of intact grout (see Appendix J) were assigned to
grout for the entire simulation. This was consistent with the belief that any degradation of grout leading
to cracks or fractures would be followed by periods when minerals would precipitate in the cracks, fill or
plug the cracks, and re-establish the unsaturated hydraulic behavior of the original material. This was
also consistent with the belief that if grout does fracture, the resulting blocks of grout would retain their
unsaturated characteristics and not drain substantial amouni s of pore water. The characteristics for grout
are listed in Table 3.34.

Table 3.32. Unsaturated Hydraulic Characteristics of Asphalt Corner Cracks

Time (1,000 yr) Porosity Crack Size and Spacing Unsaturated Characteristics

0", Or, a (cm-1), n

0 to 100
1 W to 20,000

20,0(K) to 40,000
> 40,000

0.04
0.04
0.04
0.04

None
5 mm at 20 cm
2 cm at 20 cm
Complete biodegradation

0.2250, 0, 7.61 x 10, 1.393
0.371, 0.045, 0.0683, 2.08
0.371, 0.045, 0.0683, 2.08
0.371,10.045,0.0683, 2.08

Table 3.33. Unsaturated Hydraulic Characteristics of Reinforced Concrete

Time (1,000 yr) Porosity
Crack Size

and Spacing Unsaturated Characteristics

08, 08 , a (cm 1), n

0 to 5,150

5,150 to 20,000
> 20,000

0.2258

0.2266
0.2274

None

1 mm at I in
2 mm at I in

0.2250, 0, 7.61 x 10-,
1.393
0.371,0.045,0.0683,2.08
0.371, 0.045, 0.0683, 2.08
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Table 334. Unsaturated Hydraulic Characteristics of Grout

Time (1,000 yr) Porosity Unsaturated Characteristics

6 s, 0r, a (cmn1), n

0 to 5,000 0.5781 0.5781, 0, 1.08 x 10-5, 1.65
5,000 to 20,000 0.5781 0.5781, 0, 1.08 x 10-5, 1.65

20,000 to 40,000 0.5781 0.5781, 0, 1.08 x 10-5, 1.65
> 40,000 0.5781 0.5781, 0, 1.08 x 10-5, 1.65

3.6.2.5 Transport Parameters

The principal transport parameter is the effective diffusion coefficient. Concepts identical to those
applied to define saturated hydraulic conductivity were applied to determine diffusion coefficient values.
The other key transport process model employed in these analyses was the linear sorption isotherm
model, which represents the adsorption-desorption and precipitation-dissolution of contaminants. Aside
from the grout waste form, sorption was neglected in the engineered components of the disposal system.
With respect to the reinforced concrete, this was a conservatism in the analysis. Sorption model parame-
ters for grout were described in Section 3.3.3.1 and summarized in Table 3.3.

Asphalt Barrier. An effective diffusion coefficient of I x 1010 cm 2/s was applied to the first
degradation period. This was a conservative estimate for diffusion through asphalt based on literature and
laboratory measurements. This effective diffusion coefficient value applies to the bulk medium, and its
application to transport through only the asphalt phase without adjustment for the associated pore space
was a conservatism in the analysis. In the central sensitivity case, the concentrations within the barrier
were assumed to occur within the 16.2 volume percent of the asphalt barrier occupied by asphalt.
However, in the central compliance case, the concentrations were modeled as occurring in a water phase
within the 4 volume percent air void of the asphalt barrier. This approach was used to prevent the
unrealistic drainage of moisture (which originally represented asphalt) that was observed in the central
sensitivity case when the barrier was degraded. Transport through the 4% void of the barrier was
modeled by setting the porosity of the barrier to 0.04 and assigning it the water retention properties of
backfill soil. As transport occurs within a smaller volume fraction of the asphalt barrier, less diffusive
flux is required to raise the concentration within the asphalt barrier. Thus, modeling diffusion as occur-
ring through a smaller volume fraction of the asphalt ban-ier accelerates the rate at which a transient diffu-
sion profile is established within the barrier. However, if evaluated with constant concentration boundary
conditions on either side of the asphalt barrier, the two treatments provide the same diffusive flux at
steady-state. Because of the accelerated development of the transient diffusion profile, the approach in
the central sensitivity case is believed to be slightly conservative. However, because of the relative
importance of transport by advection and the transport through cracks, the amount of conservatism intro-
duced is believed to be small.
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Diffusion coefficients for the degraded states were based on the assumptions that 1) diffusion
through cracked and biodegraded asphalt barrier material can be conservatively modeled as diffusion
through the liquid water phase in backfill soil, 2) an effective diffusion coefficient for an equivalent
porous medium can be defined using the classical method for diffusion parallel to stratigraphic units, and
3) diffusive transport occurs through the same void space (void content = 0.04) employed in the hydraulic
model. The effective diffusion coefficient in water, 2.5 x 10- cm 2/s, was applied to the liquid water
phase in backfill soils. This coefficient was corrected (i.e., reduced) for unsaturated conditions when
applied to unsaturated soils and sediments in this analysis; however, such a correction was not made
within the degraded asphalt barrier.

The effective diffusion coefficient for the fully degraded state (after 40,000 years) is generally
defined by the product of the diffusion coefficient in liquid water and the volumetric water content of the
medium. It was defined using the volumetric asphalt content, i.e., 16.2% by volume in these calculations.
The resulting calculation follows:

D, = (2.5 x 10-5 cm 2/s) x (0.162) = 4.05 x 10-6 cm 2/s (3.13)

This created an effective diffusion coefficient suitable for application to biodegraded asphalt barrier mate-
rials with a saturation of 80.2% (i.e., 0.162/0.202). The effective diffusion coefficients for the other time
intervals were similarly calculated. The values of effective diffusion coefficient for the degraded asphalt
barrier are listed in Table 3.35.

Asphalt Corner Cracks. The end-state value of the effective diffusion coefficient and the method
of calculating the equivalent effective diffusion coefficients for the asphalt comer cracks were identical to
those described in the paragraphs above for the asphalt barrier. However, the initial effective diffusion
coefficient was set to a value consistent with an existing 5-mm crack (i.e., De = 1 x 10-7 Cm2/s). This is
justified because of the short duration of the low diffusivity performance, and because the value applied is

Table 3.35. Effective Diffusion Coefficients for the Asphalt Barrier

Time (1,000 yr) De (cm 2/) Pom:sity Crack Size and Spacing

0 to 5,000 1 x 1010 0.04 None
5,000 to 20,000 4.15 x 10-9 0.04 1 mm at 1 m

20,000 to 40,000 4.05 x 10' 0.04 1 cm at I m
> 40,000 4.05 x 10-6 0.04 Complete biodegradation
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conservative with respect to the intact material property, i.e., D0 = 1 x 10-10 cm2/s. Values of effective
diffusion coefficient are listed in Table 3.36 for the degraded asphalt comer crack regions.

Reinforced Concrete. The effective diffusion coefficient assigned to the initial time interval was
that of an intact concrete. Values associated with degraded states were equivalent coefficient values
based on the volume fraction of crack associated with the De of water, and the remaining volume fraction
associated with the De of intact concrete. For example, the effective diffusion coefficient for the inter-
mediate degradation step is calculated as

De = (0.001 x (2.5 x 10- cm 2/s) + (0.999) x (5.0 x 10-8 cm 2/s)
(3.14)

= 7.5 x 10- 8 cm 2/s)

Note, the De value assigned to the fully degraded state was calculated during preliminary studies and used
a crack density of 4 mm per I m (3.3 ft) of surface. The resulting value was carried into these simula-
tions. It overestimated the effective diffusion coefficient by 50%, and was therefore conservative. The
effective diffusion coefficient values for degraded concrete structures are listed in Table 3.37.

Table 3.36. Effective Diffusion Coefficients for Asphalt Comer Cracks

Time (1,000 yr)

0 to 100
100 to 20,000

20,000 to 40,000
> 40,000

D (cm 2/s)

1 x 10-7
1 x 10-7

4.05 x 10-7
4.05 x 10-6

Porosity

0.04
0.04
0.04
0.04

Crack Size and Spacing

None
5 mm at 20 cm
2 cm at 20 cm
Complete biodegradation

Table 3.37. Effective Diffusion Coefficients for Reinforced Concrete

Time (1,000 yr)

0 to 5,150
5,150 to 20,000

> 20,000

D, (cm 2/s)

5 x 10-'
7.5 x 10-'
1.5 x 10-7

Pomsity

0.2258
0.2266
0.2274

Crack Size and Spacing

None
1 mm at 1 m
2 mm at 1 m
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Grout. The effective diffusion coefficient for grout was 5.78 x 10-7 Cm2/s with the driving force
modeled in the pore solution of the grout. This corresponds to a I x 106 cm 2/s value based on the bulk
volume of grout and takes into account the degradation of grout diffusivity related to high-temperature
curing. Because it already represented a highly degraded grout, the effective diffusion coefficient was
held constant throughout the simulation.

3.6.2.6 Water Vapor Diffusion

As described in Section 3.3.5.2 (and Appendix P, Section P.1.1), water will diffuse toward the high
salt content wastes in the vapor phase in response to the water vapor density gradient. It was shown that
an intact barrier would allow 0.36 L/yr of water to diffuse to the waste and condense on vault surfaces;
however, a single crack 1-cm wide running the length of the vault would produce 0.534 L/yr. Clearly, as
cracks develop and as crack surfaces biodegrade, water movement to the vault surfaces through cracked
and biodegraded material will be far greater than that through intact asphalt. Therefore, intact asphalt
barrier surfaces were neglected in estimates of water vapor diffusion incorporated in simulations.

Because the movement of water vapor is not explicitly modeled by the PORFLOW code, the rate at
which water will be drawn to the waste form was estimated in hand calculations. These rates were con-
verted to volumetric water sources for specific computational cells immediately adjacent to discrete
cracks and grout surfaces. Sources related to asphalt corner cracks were placed in the individual compu-
tational cells associated with discrete horizontal or vertical 'racks. Water vapor diffusion in response to
the generalized cracking of the asphalt and concrete was addressed as a uniformly distributed source over
a surface rather than as point or individual cell sources associated with individual cracks. Each computa-
tional cell on such a surface was assigned the same source value (i.e., source strength was specified in
m3/(m 3-yr) units).

To be consistent with the derived values for saturated hydraulic conductivity and effective diffusion
coefficients, the same timing and magnitude of asphalt barrier degradation was employed in water vapor
diffusion calculations. A total porosity of 0.202 was employed for a completely biodegraded asphalt bar-
rier because it is a maximum, and therefore conservative, estimate of the air pathway through biodegraded
material. The rate at which water is transmitted to the vault surface is a function of porosity. Open frac-
tures or cracks with a porosity of one yield a correspondingly higher rate than an aggregate pathway with
a porosity of 0.202.

The combined effects of cracks in the barrier and biodegradation of the barrier were modeled as a
single source within computational cells. Our original conceptual model was that once discrete cracks
appeared, biodegradation of crack surfaces began and the cross section of the affected region or surface
increased. However, the initial crack was an open pathway (porosity = 1.0) while the biodegraded asphalt
barrier was represented by an aggregate pathway (porosity = 0.202). Because the open cracks make up a
relatively small portion of the water vapor diffusion pathway, an aggregate pathway was assumed in the
calculation of sources for the simulations.
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As with the parameters described earlier in this section, the degradation assumed for a time interval
is applied from the beginning of the time interval. However, the treatment of a source in the PORFLOW
code zone was somewhat different than the treatment of process model parameters. Where model
parameters experienced discrete steps and were discontinuous at steps, source strength was modeled as a
continuous function by linearly interpolating (i.e., ramping) source strength between entered values.

Distributed Sources for Generalized Cracking and Biodegradation. Generalized cracking and
biodegradation of the asphalt barrier led to the assignment of volumetric water sources to computational
cells in the concrete- vault immediately adjacent to the -grout. A distributed water source was applied over
the top of the vault and along the sides of the vault adjacent to 122 cm of uncontaminated grout (the cold
cap) and the upper 155 cm of contaminated grout (upper 17% of contaminated grout). The water source
was applied only to the upper region of the vault for two reasons. First, the water source has the greatest
impact when added to a region where advection enters the grout. Adding water to a region where advec-
tion exists the grout dilutes the contamination leaving the grout. The water source was placed in a region
in which it was known that advection primarily enters the grout. However, the region defined may not
include all portions of the vault where advection enters the grout. The second reason was to avoid a mass
balance problem that existed in previous simulations in which water sources were introduced into cracks
containing significant concentrations of contaminants.

As noted above, the sources were applied in cells adjacent to the grout monolith; however, the rate
of water movement through a degraded asphalt barrier was calculated for a pathway through only the
asphalt barrier, i.e., 91.4 cm (3 ft). The resulting rates described in Section 3.3.5.2 were applied in the
performance assessment as a conservative estimate of water transmission by vapor diffusion. Use of the
longer pathway through both the asphalt barrier and concrete vault would have produced a lower esti-
mated water transmission rate.

The source strength associated with generalized cracking and biodegradation was a function of the
rate of water movement in the vapor phase through an aggregate, the surface area of concrete or grout
exposed by cracking or biodegradation, and the total volume of the computational cell. Water movement
through an open crack was estimated to be 0.14442 cm 3/(cm 2-yr), and water vapor diffusion through the
biodegraded barrier material is proportional to the porosity (potential air void space) within the aggregate.
Therefore,

Rate of water movement through a I-cm2 surface area

= [0.1442 cm 3/(cm 2 -yr)j x [0.202]
(3.15)

= 0.0292 cm 3/(cm 2-yr).
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The influent computational cells were those that bordered the upper surface of the grout monolith
(1539.3 cm) (50.5 ft) and the upper 276.84-cm (9.1-ft) portion of the monolith walls. Total length of
influent surface in the cross section analyzed was 2.09 x 103 cm. A unit (I-m, 100-cm) (3.3-ft) thickness
of cross section was analyzed, so the total surface area for the influent surface was 2.09 x 0 cm2.

Widths of these computational cells were on the order of 11.6 cm (4.6 in.), and the volume associated
with the upper surface was 1.8 x 106 cm 3; that associated with each of the upper wall surfaces was
3.2 x 105 cm 3. Assuming an aggregate pathway, the maximum rate at which water will be drawn to the
surface by vapor diffusion is

Rate of water movement to influent surface(a)

= [0.0292 cm 3 /(cm --yr)] x (2.09 x 105 cm 2 = 6.10 x 103 CM 3/yr]

= 6.10 L/yr = 6.10 x 10 -M 3/yr.

To convert this rate of water movement to a source strength for the simulation, the required source of
water (i.e., 6.10 x 10-3 M3/yr) was divided by the volume of the computational cells, e.g.,

Source strength in m3/(m3 -yr)

= (6.10 x 10- 3 m 3 /yrl/[(2 x 3.2 x 105 cm 3 + 1.8 x 106 cm3

= [6.10 x 10- 3 m 3/yr)/2.44 x 106 cm3 = [6.10 x 10 3 M 3/yr2.44 m 3 (3.17)

= 2.50 x 10- 3 m 3/(m 3-yr).

Using this source strength for a completely biodegraded asphalt barrier, lesser amounts of cracking
and biodegradation are approximated by scaling this source strength to the fraction of surface available
for water vapor diffusion. The source strengths for the time periods of interest are listed in Table 3.38.
The last column provides a comparison to an alternate interpretation of the generalized crack-that the
initial crack presents an open pathway and that subsequent biodegradation presents an aggregate pathway.
This conceptualization more closely resembles the original conceptualization and employs the more

(a) By comparison, the 1-m (3.3-ft) cross section containing the engineered system was 34.9-m
(1 15-ft) wide, and the cross section used here was I-m (3.3-ft) thick. The recharge rate applied
at the upper surface of the cross section, 0.1 -cm/yr, produced 3.5 x 104 cm 3/yr, or 34.9 L/yr
(9.2 gal/yr) of direct infiltration.
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Calculated Source Strength of Water 'Vapor Diffusion for Generalized Cracks/
Biodegradation and Associated Surface Exposure. Not applied directly to central
compliance case; see Table 3.40.

Time
(1,000 yr)

0 to 5,000
5,000 to 20,000

20,000 to 40,000
>40,000

Crack/Biodegradation
(size and spacing)

None
1 mm at I m
1 cm at I m
Complete biodegradation

Surface
Fraction

0.0
0.001
0.01
1.0

Source Strength
(aggre ate pathway)

[fm /(m -yr)]

0
2.5 x 10-6
2.5 x 10-5
2.5 x I0-3

Source Strength
(1-mm crack,

remainder aggregate)
[m 3/(m -yr)

0
1.24 x 10-5

3.49 x 10-5

2.51 x 10-3

conservative open crack for a portion of the water vapor pathway.
initial open crack was 1-mm wide on a 1-m (3.3-ft) spacing. Both
6.1 L/yr (1.6 gal/yr) of water within the source cells.

In this alternate interpretation, the
interpretations produce approximately

Computational Cell Sources for Asphalt Corner Cracks. The rates of water vapor diffusion
through open and aggregate-filled space were the same as previously calculated because all calculations
consider diffusion through the asphalt barrier. The rates are 0.14442 cm 3/(cm 2-yr) and
0.0292 cm 3/(cm 2-yr), respectively. Where previously these rates were applied to entire surfaces, in the
case of the asphalt corner cracks they are applied to individual computational cells. There are four dis-
tinct cracks and the computational cells are on the order of 20 cm (7.9 in.) on a side (i.e., in centimeters
the cell edges were 21.69 x 21.30, 18.91 x 22.88, 18.94 x 22.88, and 21.73 x 21.30). Including the
100-cm (3.3-ft) depth of each cell, the total media volume was 1.8 x 105 cm3. The average cell edge
interfacing with the concrete vault was 20.11 cm. This was judged to be sufficiently close to 20 cm
(7.9 in.) to permit use of this uniform value in the calculations applied to all four cells.

The maximum rate at which water is drawn to a 20-cm by 100-cm (7.9-in. by
through an aggregate-filled pathway is

Rate of water movement through each comer cell

= [0.0292 cm 3/(cm 2-yr)] x [20 cm x 100 cm]

= 58.4 cm 3/yr.

3.3-ft) surface

(3.18)
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The four comer cells have a combined water flux of 2.34 x 102 cm3/yr (i.e., 0.234 L/yr or
0.234 x 10-3 m3/yr). This volumetric rate of water movement to source strength for the model was con-
verted by dividing source strength by computational cell volume, i.e.,

Source strength in m3/(m3-yr)

= [0.234 x 10-3 m 3/yr/[1.8 x 105 cm3

= j0.234 x 10-m 3/yr]/0. I m 3 (3.19)

= 1.30 x 0-3 m /m yr).

This source strength for a completely biodegraded asphalt comer computational cell was used to
scale the lesser amounts of cracking and biodegradation associated with early times. The source strengths
for the time periods of interest are listed in Table 3.39. The last column pmvides a comparison to the
alternate interpretation lent to the generalized cracks and biodegradation. In this case, the initial open
crack is more substantial, 5-mm wide on a 20-cm spacing (7.9-in.), and this strongly influenced the result-
ing source strength estimates. The source strength associated with a 20-cm (7.9-in.) open crack was esti-
mated as 6.44 x 10-3 m 3/(M3 -yr) [i.e., 1.30 x 10-3 m 3/(Mn3 yr)] x [0.14442/0.0292]. The two
interpretations (i.e., aggregate only and combined crack and aggregate) would introduce 0.234 L/yr and
0.257 L/yr of water to the asphalt comer crack region of the cross section.

Source Strengths Employed in the Central Compliance Case. Tables 3.40 and 3.41 show
the source strength values used in the central compliance case for influent surfaces that experienced
generalized cracking, and for asphalt comer crack regions. These sources were calculated using an aggre-
gate model and neglected the initial open crack phase. Clearly, greater source strength values were

Table 3.39. Calculated Source Strength of Water Vapor Diffusion for Asphalt Comer Cracks/
Biodegradation and Associated Surface Exposure. Not applied directly to central
compliance case; see Table 3.41.

Source Strength
Source Strength (1-mm crack,

Time Crack/Biodegradation Surface 1aggregate pathway) remainder aggregate)
(1,000 yr) (size and spacing) Fraction [m /(m -yr)] [m 3 /(m-yr)]

0 to 100 None 0.0 0 0
100 to 20,000 5mm at 20cm 0.025 3.25 x 10' 1.61 x 104

20,000 to 40,000 2 cm at 20 cm 0.1 1.30 x 10-4  2.59 x 104
>40,000 Complete biodegradation 1.0 1 30 x 10 3 1.43 x 10-3
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Table 3.40. Source Strength of Water Vapor Diffusion for Generalized Cracks and Biodegradation as a
Function of Time Interval and Associated Surface Exposure

Time
(1,000 yr)

0 to 5,000
5,000 to 20,000

20,000 to 40,000
>40,000

Crack/Biodegradation
(size and spacing)

None
1 mm at I m
1 cm at I m
Complete biodegradation

Surface
Fraction

0.0
0.001
0.01
1.0

Source Strength
[m 3/(m3 -yr)]

0
2.9 x 10-6
2.9 x 10
2.9 x1

Table 3.41. Source Strength of Water Vapor Diffusion for Asphalt Comer Cracks and Biodegradation as
a Function of Time Interval and Associated Surface Exposure

Time
(1,000 yr)

0 to 100
100 to 20,000

20,000 to 40,000
>40,000

Crack/Biodegradation
(size and spacing)

None
5 mm at 20 cm
2 cm at 20 cm
Complete biodegradation

Surface
Fraction

Source Strength
[m 3/(m 3-yr)]

0.0
0.025
0.1
1.0

0
7.29 x 10-5

2.9 x 10-
2.9 x 10

applied than are presented above for the aggregate model. It is also clear that source strengths during the
second and third period underestimate the alternative interpretation that includes the influence of discrete
cracks.

3.6.2.7 Summary of Hydraulic and Transport Properties

A summary of parameter inputs to the numerical model used for the central compliance case is pro-
vided in Table 3.42 in the following section (Section 3.6.3.1). The water sources included for water
vapor diffusion are not included in this table; they are listed in Tables 3.40 and 3.41, with the locations at
which these sources were applied illustrated in Figure 3.21. (See Section 3.6.3.1 for Figure 3.21.)

3.6.3 Compliance Cases

The groundwater pathway results for this performance assessment are based on a series of simula-
tions termed the compliance cases. The compliance cases model the system degradation over time using
a series of step changes in the material properties of the engineered system. Because the progression of
long-term degradation of the grout and engineered system is not well known, the compliance cases have
been adopted as a set for comparing results to performance objectives rather than attempting to reach con-
sensus on a single "best-estimate" case. The compliance cases are centered amund the central compliance
case. Other compliance cases are similar, although changes have been made in the modeling approach.
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3.6-3.1 Central Compliance Case

The details of the timing and the numerical values for step changes in the properties of the central
compliance case (Case 1.0) were provided in Section 3.6.2. Figure 3.21 shows a conceptual sketch of the
central compliance case problem showing the features within the model of the engineered system.
Table 3.42 summarizes the input for the central compliance case. The following paragraphs summarize
details of the treatment of each system component.

Asphalt Barrier. In the conceptual model of the perfonnance of the asphalt barrier, transport
through the barrier occurs by diffusion in the asphalt phase and by vapor diffusion of moisture through
the intact barrier material. To facilitate the degradation of the asphalt barrier within the code, the water
retention properties were initially set to values derived from the backfill soil (see Section 3.6.2) and the
porosity of the asphalt barrier was set to 0.04 (corresponding to the initial maximum void content). For
modeling purposes, the calculation of diffusion through the barrier occurs through the 0.04 void space of
the diffusion barrier. The water retention properties of the asphalt barrier were held constant throughout
the simulation, while the saturated hydraulic conductivity was degraded in stages over 40,000 years from
I x 10-11 cm 2 /s to 0.03 cm 2/s.

At 100 years, 0.5-cm horizontal and vertical cracks were placed through the diffusion barrier in line
with the top comers of the concrete vault. These cracks were given water retention properties of the
backfill soil and a hydraulic conductivity of 7.5 x 10-4 cm/s in the direction of the crack. The diffusion
coefficient in these cracks was I x 10-7 cm 2/s; this was implemented from the start of the problem rather
than at 100 years. The remainder of the barrier remains largely intact with a hydraulic conductivity of
I x 10- 11 cm/s until 5,000 years, at which time the entire barner was given a saturated conductivity of
3 x 10-5 cm/s based on the presence of a I-mm crack every meter. The hydraulic conductivity and diffu-
sivity of the asphalt barrier was increased again at 20,000 and 40,000 years to account for growth in crack
sizes resulting from biodegradation.

Concrete Vault. At the beginning of the simulation, the concrete was modeled as having cracks in
the concrete roof and at the construction joints in the floor and walls. At five locations along the vertical
walls, rows of nodes were modeled as containing cracks and were given a saturated hydraulic conductiv-
ity of 0.03 cm/s in the direction of the crack and the diffusional parameters of the backfill soil. Similarly,
in the bottom of the vault, a single crack was given a hydraulic conductivity of 0.03 cm/s in both direc-
tions. The floor crack runs between the grout and the catch basin gravel.

The cracks in the roof of the concrete vault were treated slightly differently than cracks in the rest
of the vault. The water retention characteristics of the concrete roof were initially set to those of the back-
fill soil to prevent drainage of the concrete pore water onto the vault when the concrete is degraded later
in the problem. Because roof plank joint cracks run in the same direction as the two-dimensional slice of
the vault used to simulate the problem, they could not be modeled as discrete cracks. Therefore, the
effect of the roof plank joints in the concrete was averaged over the top of the vault and the roof was
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Table 3.42. Detailed Parameter Inputs Used in Modeling the Central Compliance Case (Case 1.0)

Material Description Units Grout
Comer Cracks in

Asphalt Barrier Asphalt

Hanford Hanford
Formation Sandy Formation Ringold

RCRA Cover Backfilt Soil Sequece Gravel Sequence Formation Gravel Laver

Concrte in Vault
Walls and Catch Top Of

Basin Conc,- r

Construction
Joint Cracks in

RCRA Flow
Path and Floor Cravel in

C - : Wa Concrete Roof Crack Catch Basin

Particle Density

Porosity, Theta E, T, D

Storativity

Saturated Hydraulic
Conductivity (K, K.)

Residual Saturation

S. =

Van Genuchtte n, alpha

Difflisis Coeffscient D.-

g/cn' 2 620 2.720

3 @ 0.5781 3 @ 0.04

tn-' 1.0 x lo-

cm/s 2 @ 1.00
2 @ 1.50
2 2 L50 x

0

none. cm-' L.65, 1.08 10'

cm'S 5.73 x 10'

10'"
10-"
10-"IC"

1x 10'

2 j 100 , MC','
2 .3OO x 10*'
2 3.00 xl1-<

.00 1

0.1213

2.720

3 '@ 0.04

1 0 , 1o 7
Sa 1.00 x 10'
7.51 x 10", 1.0O x

iJ- (110, y:.5"

z @ 3.00 x10

0.0
0.1213 (100 years)

2.08, 6.33 x 102 1393, 7.61 x 10'
2.08, 6.a3 x 01
(to vears)

I00 x 0-'
4.15 10
4.06 x10-

4.05 x10a

1.00 x0'

4.05x 10'.
4.05 o"a

2.720 2.720 2.720 2.720 2.720 2.720 2.720

3 ' 0.448 3 @ 0371 3 d 0.4203 3 @ 0.3584 3 2 0.4982 3 @ 0.518 3 @ 0.2258
3 @ 0.226574'
3 @ 0.2274"

1! n x ! r xt0< .! t' QL x-'' Lox 10- 7D x :3,'

.7 1 Ox 10" 2 2 3.00 10 2 1.55 x 10

0.1213 0.0557

L.324 5.39x 10' 
2

.
08

. 6.
8 3

x 10< S.63. 0

.50 x10 2.50 x 10- 2.50 I '

2 [ 
2
.7

3
x 10' 2 Id 2.4: [: 2 ' 85

0.05943 0.0568

2.720 2.720 2.720 2.720 2.720

3 @ 0.2253 3 2 0.225 3 a 0.2258 3 @t 0.202 3 d 0.513

1O l0x IC i. x is i.Ox 10' l . 10

2 @ 3.75x 10' 5.99x 10',
2.@ 3.00x l0' 1.00 xiO<

2 @ 600 x 10<'

2.703 10 .0

0.1213'

393. 7elx 10
.03. 6.83 10

2.50 x I04 2.S0x ' . x I0 mxW
I no x 10L 10-

3.00x I-
1.7i x 10-*

0. 121

2 5.99x 10 2d 3 00 10- 2 1 5

0.1213 0.02703

2.08. 6.83 (0< '30. 6.3 x '0* a' 2.38 6.03 x 10 2 661, 3.5366

6.18 10' 2.30 10< 6.13 x 10' 
2

.50 x 10' 1.00 1 '

Diffusion Parameter. a

Diffusion Parameter, b

Distribution Coefficient Group aVe
No. Ia

Disaibuion CueoC sint Group m/o

No. 2a

Distribution Coefficient Group m/llg

No. 3c

0.005 0505 0.005 0.005 0.005

0

0

100

0

0

0125

19

0

3.0

10

3.0 3.0

t o

0

3.0

0 0

0 0

0 0

0 0

0

0

0.005

1 G

0 0
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Table 3.42. (contd)

Hanfor Hanford Concrete in Vault Construction RCRA Flow
Comer Cracks in Formation Sandy Formation Ringold Walls and Catch Top of Joint Cracks in Path and Floor Gravel in

Material Description Units Grout Asphalt Barrier Asphalt RCRA Cover Backfill Soil Sequence Gravel Sequence Formation Gravel Laver Basin Concrete Roof Concrete Walls Concrete Roof Crack Catch Basin

Distribution Coefficient, Group mi/e 2625 0 0 0 0 0 0 0 0 0 0 0 0 0
No. 43

Crack Size and Spacingnu as noted NA I mmd, at I i 5 mm at 100 yre" NA NA NA NA NA NA i mm at I ma' r- i cde crack; 2 mm at m Full node crack: NA
I cm at I ml 2 cm 2 m at I mn" see Figure 3.21 (Root plan k) see Figure 3.21
Gone" Gone*

(a) 5,000 years
() 5150 years
(c) 20000o 'ears
(d) 40.000 years
(e) larger conductivity assigned in direction of crack, smaller conductivity in the direction perpendicular to crack
(f Not actually a parameter entered in code. Information is reflected in other parameter values. A I-mm rracl on s1-m grid actually implies two I-mm crcks on a I-rm' surface, and ine associated equivalent propery welhtina for the crack should te 2<1.0CO and not I 1L000. as has been app licd throughout this .aia.

A 1/1,000 weighting factor actually implies 0.5-mm cracks on a I-m spacing.
(2) Cracks within a -20-cm node.
Note: 32 (or 2U) denotes three (or two) of the same value (e.g. K. K, or Or, O. 0, are tLL samc.
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given a hydraulic conductivity of 6 x 10-5 cm/s in all directions, simulating the presence of a 2-mm crack
every meter of vault length. To prevent drainage from the intact diffusion barrier into the concrete

(resulting from the linear averaging of conductivities being used), the top node of the concrete roof was
given a hydraulic conductivity of I x 10-11 cm/s. This conductivity value matches the asphalt barrier

property and was not changed during the simulation.

The remainder of the concrete vault was assumed to remain largely free of through-wall cracking
over the first 5,150 years, after which generalized or "patterned" cracking was assumed to occur through-
out the vault. The patterned cracking was implemented by changing the water retention properties of the
concrete to those of the backfill soil and increasing the saturated hydraulic conductivity from 3.75 x 10-10
to 3.0 x 10-5 cm/s. This represents a I-mm crack every meter (see Section 3.6.2.3). After 20,000 years,
the concrete vault was assumed to have completed its degradation.

To simulate the presence of an HDPE flow path between the concrete wall and the asphalt barrier,

the outside node of the vertical concrete wall was given water retention properties of the backfill soil and
a hydraulic conductivity of 3 x 102 cm/s. The region of the gravel-filled catch basin was included as

gravel. The sloped bottom of the catch basin and the presence of the leachate collection tank were
neglected.

Grout. The diffusion coefficient for the grout was modeled as 5.78 x 10 7 cm2/s, with the driving
force in the grout pore solution. This corresponds to I x 10-6 cm 2/s if the driving force is defined in the
bulk grout volume, and accounts for degradation of the grout diffusivity because of high-temperature cur-
ing. The grout was modeled with a saturated hydraulic conductivity of I x 10-10 cm/s for the first
5,150 years. The conductivity was increased to 1.5 x 10-8 cm/s at 5,150 years, 1.5 x 10-7 cm/s at
20,000 years, and 1.5 x 10-6 cm/s at 40,000 years. The sorption of contaminants within the grout was not
altered with time.

Boundary Conditions. The boundary conditions were set initially and were not changed during
the-si rulation--Zero gradient-conditions-were used on the left and right side of the problem for both flow
and transport to represent a plane of symmetry between the two vaults of a pair (left boundary) and
between pairs of vaults (right boundary). The top boundary was specified as a source of 0.1 cm/yr
recharge and the concentration of contaminant was set equal to zero. At the bottom boundary (aquifer),
the pressure was held at a constant -25 cm and the concentration gradient was set equal to zero.

Water Sources from Vapor Diffusion. Although the water condensing on the grout or concrete
would evaporate from the surrounding soil, the water was modeled as a source of water within the
problem and no water was removed from the soil. The diffusion of water vapor was modeled as water
sources within selected cells of the problem.

The condensing water was introduced in the asphalt barrier cracks in the node closest to the con-
crete vault, along the bottom node of the concrete roof, and in the upper portion of the vault walls next to
the grout. The sources on the vault walls extend 277 cm (9 ft) down the side of the vault and include the
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initially uncontaminated grout cap, as well as 155 cm (5 ft) of contaminated grout. As described in Sec-

tion 3.6.2.6 the sources at these points were ramped linearly between values calculated for specific time

periods.

3.6.3.2 Delayed Cracking Case (Case 1.1)

The delayed cracking case was very similar to the central compliance case, except that the patterned
cracking in the concrete and asphalt barrier was delayed from 5,000 years for the asphalt barrier and
5,150 years for the concrete until 10,000 years. The delay in cracking applies only to the patterned crack-
ing occurring over the entire surface of the asphalt barrier and concrete vault. The cracks in the upper
comers of the asphalt barrier still occurred at 100 years. The cracking associated with the construction
joints in the walls and floor and the roof plank joints in the concrete roof were present initially.

The vapor diffusion water source in the asphalt barrier comer cracks matches that in the central
compliance case. The first linear ramp of the vapor diffusion rate to the concrete vault occurred over
10,000 years instead of 5,000 years as in the central compliance case.

3.6.3.3 No HDPE Flowpath (Case 1.2)

The difference between this case and the central compliance case is that there was not an HDPE
flow path in the outside node of the concrete walls and there was not a gravel region in the catch basin.
These nodes were treated the same as the remainder of the concrete. However, several other differences
that may be important in interpreting results are provided below.

Unlike the central compliance case, the concrete roof was treated the same as the remainder of the
concrete. The initial water retention properties in the roof were those of concrete instead of backfill soil.
The water retention properties were changed to those of the backfill soil, and increases in hydraulic con-
ductivity and diffusivity were implemented at 5,000 years (not 5,150 years). After the water retention
properties were changed, moisture drained from the concrete region. The hydraulic conductivity of the
concrete roof was not increased to account for roof plank joints. The line of nodes along the top of the
concrete roof does not have the reduced hydraulic conductivity values present in the central compliance
case. The properties of the top node of concrete were changed over time in the same manner as the
remainder of the concrete. The concrete vault walls did not have the construction joint cracks as in the
central compliance case. The water vapor diffusion profile was ramped to its final value at 50,000 years
instead of 40,000 years as in the central compliance case.

3.6.3.4 Composite Concrete Crack Model (Case 13)

The composite model case was the same as the central compliance case, except the composite
model (see Appendix P, Section P.1.1) was used to represent the water retention properties for cracked
concrete. The porosity, diffusivity, and hydraulic conductivity values were the same as in the central
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compliance case. In addition, the treatment of cracking in the asphalt barrier and the rates of water vapor
diffusion were the same as in the central compliance case.

3.6.4 Other Release Scenarios

In addition to the compliance case simulations for the 0.1-cm/yr groundwater pathway, several cal-
culations were performed to investigate other potential pathways for exposure. These additional release
scenarios are described below.

3.6.4.1 Radon Release Calculation

Radon is produced within the grout as part of the uranium-238 decay chain. Table 3.43 lists the
nuclides of interest in the order of their appearance in the decay chain.

The small initial inventory of radium-226 causes the initial radon generation rate to be very small.
However, the inventory of species higher in the decay chain (especially uranium-234) is expected to
cause ingrowth of radium-226, increasing radon generation over time. To determine the radon generation
rate as a function of time, the inventories and half-lives shown in Table 3.43 were used to calculate the
activity of the species in the decay chain, including radium-226, as a function of time. From the activity
of radium-226, the generation rate of radon-222 was estimated assuming an emanating power of 100%.
The generation rate was then evaluated against performance objectives using a very simplistic calculation.

Table 3.43. Radionuclides Important to Radon Generation

Initial
Inventory(b)

Radionuclide(a) Half-life (Ci)

238U 4.5 x 109 yr 9.69
234u 2.5 x 105 yr 41.1230 M 7.5 x 104 yr 0.293
226 Ra 1.6 x 10' yr 3.73 x 104
222Rn 3.8 day none

(a) Short-lived species between uranium-238 and uranium-234 have been
omitted.

(b) Values for radium-226 and thorium-230 are based on production esti-
mates. Values for uranium-238 and uranium-234 are based on limited
chemical analysis of wastes to be grouted. See Appendix E.
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To estimate the release of radon from the grout, diffusive release is assumed to occur from all sides
of the grout mass. Harris et al. (1992) summarized measurements of gaseous diffusion performed on con-

crete materials and concluded that for dry materials, diffusivities in the range 10-5 to 10-3 cm2/s are
obtained. The diffusivity is very sensitive to the moisture content of the material, and diffusivities much
less than this range would be expected for saturated material. Because of the high salt content of the
grout and the high humidity of the subsurface environment, the grout is expected to remain saturated.

However, to be conservative, the upper range diffusivity value of I x 10-3 cm 2/s was used.

The diffusive release from the grout was modeled as a source within the grout equal to the maxi-
mum activity obtained for radium-226. The calculated diffusive flux of radon-222 was assumed to occur
uniformly at all of the grout surfaces, leading to some conservatism regarding the edges and corners of
the grout, where material was counted more than once in the simplified conceptualization of the source.
After escaping the grout, the radon was assumed to immediately reach the top of the vault and begin dif-
fusing through the cover materials.

For purposes of the calculation, the cover was treated as 5 m (16.4 ft) of dry backfill soil. In
reality, the concrete, asphalt barrier, and RCRA cover may further delay the arrival of the radon, thus
decreasing the flux at the ground surface. In addition, the Hanford barrier contains an asphalt layer and
the soil in the barrier is likely to have higher moisture contents, thus decreasing the radon flux to the sur-
face. However, treating the entire cover as backfill soil provided a conservative result. The effective dif-
fusivity of radon in the backfill soil was selected as 4.5 x 10-2 cm2/s. This value is based on the
diffusivity of radon in air and the void fraction of the backfill soil, neglecting the presence of the mois-
ture. As a point of comparison, Hartley et al. (1985) provides an estimate of 2 x 10- cm2/s for radon dif-
fusion in beach sand.

3.6.4.2 Upward Diffusion

The design goal of the Hanford barrier is to provide less than 0.05-cm/yr recharge to the soil
column. In this performance assessment, the Hanford barrier is assumed to provide a recharge of
0.1 cm/yr to the soil column. However, it is possible that the recharge will be nearly zero. While
0.1 cm/yr is a conservative value for recharge in terms of the groundwater pathway, this amount of
recharge tends to wash contaminants down from the surface, preventing contamination of the soil above
the grout vault. This case was run to determine if upward diffusion of contaminants to the soil above the
grout vault could be significant should the actual recharge rate be zero.

For this case, all properties were the same as those for the central sensitivity case described in Sec-
tions 3.6.1 and 3.6.5.1, except the recharge rate was set to zero. The boundary conditions were altered so
at the top boundary the concentration gradient was set equal to zero, and at the bottom boundary the con-
centration was set equal to zero. The top boundary condition prevents contaminants from diffusing out of
the top of the system. For purposes of evaluating the dose, the Hanford barrier itself was neglected, and
the soil concentrations obtained at the top node of the backfill soil were used in the irrigated garden
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scenario. If the Hanford barrier were considered, there would be additional attenuation of the concentra-
tions. Because of the limited mobility in the absence of advection, the drinking-water pathway was not
included.

The garden scenario has been used to convert calculated soil concentrations to doses, although it is
recognized that applying of the garden scenario in this calculation is not realistic. Irrigation of a garden
would provide recharge to the soil, and the effects of recharge would remove radionuclides from the top
soil layers. However, using the soil concentrations in the garden scenario provides a conservatively high
result. If the impact is within the performance objective, a more involved, less conservative analysis is
not required.

3.6.4.3 Catastrophic Flood

Evidence of past ice ages and related flooding imply the likelihood of a catastrophic flood in the far
future (see Sections 3.2.2.1, 3.2.4.2, and Appendix B). Such a flood could physically disturb the grouted
waste and redistribute the waste near the ground surface. In the flood scenario, the flood was assumed to
occur at 50,000 years. The entire inventory was then redistributed over the Hanford Site (an area of
1,450 km2) (560 mi 2) to a depth of 10 m (33 ft). No credit was taken for depletion of the inventory due to
transport during the first 50,000 years. Radioactive decay and ingrowth of daughter products was calcu-
lated for 50,000 years. The farm scenario was then used without the drinking-water pathway to calculate
the dose.

3.6.4.4 High Recharge (Case 1.4)

High recharge at the Hanford Site is not expected. Even without the presence of the Hanford bar-
rier, the average recharge is expected to be only 0.1 cm/yr. However, it is possible that over the time
frames being analyzed, the climate could change significantly. To evaluate the effect on the results of
higher recharge, a case using a recharge rate of 5 cm/yr was simulated. Because this case does not repre-
sent an expected condition, the results are not compared to performance objectives. The 5-cm/yr recharge
was applied from the beginning of the simulation. However, it is expected that the time required for such
a climate change to occur would be thousands or tens of thousands of years. Thus, applying the recharge
initially is conservative from a time-of-arrival standpoint

The high recharge case (Case 1.4) was similar to the central compliance case, with the most signifi-
cant difference the recharge rate of 5.0 cm/yr instead of 0.1 cm/yr. However, there were several other dif-
ferences between the two cases. Case 1.4 did not include the HDPE flow path along the outside of the
concrete walls, the gravel zone in the catch basin, or the construction joint cracks in the concrete vault.
The vault roof did not account for the presence of roof plank joints, and the line of low-conductivity
nodes along the top of the concrete roof did not exist. When the first major change was made in the
asphalt barrier and concrete hydraulic conductivity at about 5,000 years, the change in the concrete was
implemented simultaneously with the asphalt change, rather than being delayed until 5,150 years as in the
central compliance case. The porosity of the asphalt barrier was started at 0.04; then, as the barrier
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cracked and degraded, the porosity stepped through values of 0.0402 at 5,000 years, 0.04162 at

20,000 years, and 0.202 at 40,000 years. The comer cracks in the asphalt were treated in a similar man-

ner, except the values were slightly different (0.04405 at 100 years, 0.0562 at 20,000 years, 0.202 at

40,000 years). In the central compliance case, the porosity of the asphalt barrier and the comer crack

region was held constant at 0.04. Finally, the final vapor diffusion water source was ramped linearly
from its value at 20,000 years to its final value at 50,000 years. The central compliance case was ramped
between the same values, but reached its final value at 40,00) years.

3.6.5 Design and Sensitivity Cases

This section describes the analyses perfonned to examine sensitivity to design features in the engi-
neered system and the input parameters to the vadose zone transport calculations. In addition, the
methodology used to detennine sensitivity in the groundwater, and dosimetry analysis, is discussed.
Finally, the sensitivity to inventory is discussed for the intruder and groundwater-related scenarios.

3.6.5.1 Central Sensitivity Case

The design and sensitivity cases were centered around the central sensitivity case (Case 2.0).
Figure 3.22 illustrates the features included in the model of the engineered system. The detailed parame-
ter inputs used in the base case are provided in Table 3.44. The central sensitivity case was developed
prior to the compliance cases and represents a more simplified model of the system, especially with
respect to the degradation of the engineered system over time. In the central sensitivity case, vertical and
horizontal cracks existed initially in the asphalt and the concrete vault at the top comers in line with the
edge of the grout. In addition, horizontal cracks were placed through the asphalt barrier and concrete
vault in line with the bottom of the grout. In the compliance cases, the upper corner cracks did not
penetrate the concrete vault and the location of the cracks in the asphalt barrier was in line with the corner
of the concrete vault. The compliance cases did not use a crack in the bottom side of the asphalt barrier.
The asphalt barrier cracks present in the central sensitivity case were larger than the corner cracks in the
central compliance case. However, cracks that may exist in the concrete from the cracking of roof plank
joints or construction joints were not included in the model. In addition, the effect of water vapor diffu-
sion was not included in the sensitivity cases except where noted.

Diffusion in the asphalt barrier was modeled as if it occurred in the asphalt phase. For the model-
ing, the 0.162 fraction void space occupied by the asphalt was modeled as water filled so transport could
be calculated. To prevent advection of the water used to represent the asphalt, the hydraulic conductivity
of the asphalt barrier was set to a very low value (1 x 10-20 cm/s). The initial diffusivity value assigned to
the asphalt barrier corresponded to that expected for an asphalt barrier. Over time, the diffusivity in the
asphalt barrier was continually adjusted to account for biodegradation. At 90,000 years, the asphalt bar-
rier water retention properties, hydraulic conductivity, and diffusivity were changed to match the backfill
soil properties. The porosity of the barrier was increased from 0.162 to 0.202 and the pressure was set to
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Table 3.44. Detailed Parameter Inputs Used in Modeling the Central Sensitivity Case (Case 2.0)

Material Description

Particle Density

Porosity. Theta E.T.D

Suorantvity

Hydraulic Conductiviry (K,, K,)

Residual Saturation
s.= .

\an Genuchlen n, alpha

Units Grot Asphalt Baier

g/rm 2.620 2.720

0.5781
0.5781
0.5781

cm 1.0 x 10-

0.162 (.202)t'
0.202 (.202)1'
0.162 (.202)")

1.0 x 10-

Cracks in Asphalt and Concrete

2.720

0.371
0.371
0.371
1.0 x 10-'

cm/s 2 @ L47 . 10 2 I 1.00 x 10-' 3.17 x 10 '. 3.00 x 101 (top corner)r'
2 @ 3.00 x 10< 2 @ 3.00 x 10' (bottom)

2 @ 3.00 x 10" (all cracks)

0 0 .1213
.1213'

lone .cn" 1.65, 1.08 10' 2.0, 1 x 10-
2.08, 6.83 1 1

2.08. 6.83 , 101)

RCRA Cover

2.720

0.448
0.448
0.448

lO x 104

Hanford Formaron
Backfill Soil Sandy Sequence

2.720 2.720

0.371
0.371
0.371

1.0 x 10

0.4203
0.4203
0.4203

L.0 x 10'

Hanford Formaon
Gravel Sequence

2.720

0.3584
0.3584
0.3584
1 0 104

Ringold
Formaidon

2.720

0.4982
0.4982
0.4982

LOx 10'7

Gravel Layer
Above Vault

2.720

0.518
0.518
0.518

1 .0 10'

Concrete Vault
and Catch Basin

2.720

0.2258
0.2258
0.2258

1.0 x 101

2 @ 1.00 x 10' 2 @2 .O xl 10 2 @ 1.55 s 10' 2 @ 2.73 x 1I 2 @ 2.42 , 10' 2 @ 1 85

.1213 .0557

Ls-4 5.39 , ID 2.08, 6.83 , 10 1.868. 0.1943

.05943 .0568 27 0 ' 10I

1,613. 2.90 x 10' l333, 1>76 x 0< 2,66i. 3 .366 1 393 7.61, In 

Diffusion Coefficient D,%

Diniusion Parameter, a

Diffusion Parameter. b

Distribution Coefficient. Group No. I.

Distribution Coefficient. Group No. 2a

Distribution Coefficient, Group No. 3c
Distribution Coefficient, Group No. 4a

crsa 1.00 x 10'

0

mlt/g 0

mi/g 2

ming 125

mg 2625

(a) Changes implemented at 90,000 years.
(b) Larger conductivity aasigned in direction of crack, smaller conductivity in
Note: 2@ denotes (two of the same value [eg. K,, K, adr the same]).

,he direction perpendicular to crack.
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-11.7 cm to achieve 0.162 volume fraction moisture. At this point, the moisture previously used to repre-
sent the asphalt phase was free to advect as water. This approach differs from that used in the compliance
cases.

The diffusivity of species in the grout takes into account degradation of the grout that occurs during
curing of the grout at elevated temperatures. Curing at elevated temperatures increases the diffusivity to
values as high as 1 x 10 - cm 2/s (based on the concentration driving force defined in the bulk grout).
Sensitivity and design cases used this value directly, while it was adjusted for the compliance cases by
multiplying by 0.5781 (grout porosity) to account for the increase in concentration resulting from tracking
concentrations in the grout pore solution. Therefore, diffusive transport in the grout was slightly faster in
the design and sensitivity cases than in the compliance cases.

3.6.5.2 Design Cases

Design cases were simulated to determine the relative importance of various features of the disposal
system. The calculations were performed using the PORFLOW code and the same grid and material
properties used in the central sensitivity case. The design cases consisted of a series of simulations, each
with features of the engineered system either present or absent. The results were compared to the central
sensitivity case to judge the effects of features of the engineered system. The design cases provided
insight into the value of the barriers and an understanding of which features are important in the system.
Table 3.45 provides the key elements for each of the design cases. In this table, the cases are listed start-
ing with only the grout present and then adding engineered features to the system until the central sensi-
tivity case is formulated.

Table 3.45. Features of the Design Cases

Design Case
Identification

Grout in soil
(Case 2.1 A)

Grout in vault
(Case 2.1B)

Description of Case

No engineered structures are present. The grout is placed directly in the backfill soil.

The grout is placed in a concrete vault, but there is no asphalt barrier. The gravel layer
and the clay cap are both present. The concrete vault is cracked as in the central sensi-
tivity case and the cracks are treated in the same manner. The only exception is that the
conductivity assigned to cracks perpendicular to the crack direction in the upper comer
cracks was 1.5 x 10 -8 cm/s (matching the grout conductivity), rather than
3.2 x 10-22 cm/s in the central sensitivity case. Also, in the bottom concrete crack, the
conductivity perpendicular to the crack direction was 1.5 x 10-8 compared to
3.00 x 102 cm/s in the central sensitivity case.
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Table 3.45. (contd)

Design Case
Identification

Barrier present
(Case 2.1C)

Gravel present
(Case 2.ID)

Central
sensitivity case
(Case 2.0)

Description of Case

The grout is placed in a concrete vault with an asphalt barrier and the clay cap over the
vault pair. The gravel layer is not present. Both the asphalt barrier and the concrete
vault are cracked as in the central sensitivity case and the cracks are treated as in the
central sensitivity case. The initial condition for the moisture content in the backfill
soil was 10 vol% rather than 5.6 vol% and the initial pressure head in the grout was -
75 cm rather than approximately -338 cm. Upon degradation at 90,000 years, the
asphalt region is set to a pressure head of -11.77 cm after the material properties are
changed.

The grout is placed in a concrete vault with an asphalt barrier and a gravel wedge over-
lying the barrier. This case differs from the central sensitivity case except the clay cap
is not present, and when the asphalt barrier completely degrades at 90,000 years, the
pressure in the barrier zone is not reset when the material properties are changed.

This is the central sensitivity case used as the point of comparison for the sensitivity
cases. This case includes all of the features of Case 2. ID plus the clay cap. After
changing material properties of the asphalt barrier at 90,000 years, the pressure in the
asphalt barrier region was set to -11.7 cm.

3.6.5.3 Sensitivity Cases

The sensitivity cases were derived from the central sensitivity case. Changes were made to various
material property inputs to determine the effect of these inputs on the model. The sensitivity cases are
numbered and organized by the area of the model being explored. Treatment of the transition of the
asphalt barrier differed between some of the sensitivity cases and the central sensitivity case. The central
sensitivity case set the pressure in the asphalt region to -11.77 cm after the asphalt barrier properties were
altered to simulate complete degradation. Most sensitivity cases did not adjust this pressure and, unless
noted otherwise, the pressure was not adjusted at 90,000 years in the sensitivity cases listed in Table 3.46.
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Table 3.46. Features of the Sensitivity Cases

Sensitivity
Case

Identification Description

Grout

Case 2.2A Identical to Case 2.0, the central sensitivity case, except the sorption of technetium-99 in
the grout is neglected.

Case 2.2B Saturated hydraulic conductivity of the grout is increased from I x 10-8 cm/s to
I x 10- cm/s. At 90,000 years, the pressure in the barrier is set to -280 cm rather than
-11.77 cm as in the central sensitivity case.

Case 2.2C Saturated hydraulic conductivity of the grout is decreased from 1 x 108 cm/s to
I x 10-9 cm/s.

Case 2.2D The diffusivity within the grout is decreased by a factor of 100.

Case 2.2E The initial condition within the grout is a pressure of -5,000 cm, compared to -338 cm in
the base case.

Asphalt Barrier

Case 2.3A The water retention properties of the asphalt barrier are changed from those of the back-
fill soil to concrete properties. The saturated hydraulic conductivity is increased from
1 x 10-20 cm/s to I x 10-11 cm/s. The I x 10-11 cm/s value is derived from nitrogen per-
meability measurements without correction for viscosity or surface effects. In addition,
the conductivity in cracks perpendicular to crack direction was set to 3.2 x 10-12 cm/s in
the top corner cracks, compared to 3.2 x 102 cm/s in the central sensitivity case.

Case 2.3B The rate of biodegradation is increased from I cm/1,000 years to 2 cm/1,000 years. The
barrier is completely degraded after 45,000 years.

Case 2.3C This case compares only to Case 2.3D below. The difference between Cases 2.3C and
2.3D is that, in Case 2.3C, the porosity in the barrier is held constant at .202 (correspond-
ing to the total asphalt plus air void fraction in the barrier), while in Case 2.3D, the
porosity is held at 0.04 (corresponding to the maximum air void fraction in the barrier at
construction). Cases 2.3C and 2.3D should not be compared to the central sensitivity
case because they contain numerous differences from the central sensitivity case (see
Appendix P).

Case 2.3D This case is identical to Case 2.3C above, except the porosity of the barrier is 0.04 rather
than 0.202.
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Table 3.46. (contd)

Sensitivity
Case

Identification Description

Cracking

Case 2.4A This case used different crack locations and sizes than those used in the central sensitiv-
ity case. A schematic of the features included in the model is shown in Figure 3.23. The
crack treatment has some similarities to the treatment of cracks in the compliance case.
The upper corner cracks in the asphalt barrier are in line with the comer of the concrete
rather than the grout. The crack widths are I cm in the top corner cracks and 0.5 in the
lower crack. The concrete does not have major cracks in the upper comers. The I-cm,
upper corner cracks in the asphalt barrier are smaller than the 10-cm cracks in the central
sensitivity case, but larger than the 0.5-cm crack in the central compliance case. The
crack sizes are reflected by the hydraulic conductivities and diffusivities assigned to cells
containing the cracks. All cracks are treated as having the porosity of the media through
which they pass (0.202 in the asphalt barrier, .2258 in concrete). The vault walls each
have four construction joint cracks (the compliance cases use five, while the central sen-
sitivity has none). The sizes of the construction joint cracks are 0.1 cm at the top and
bottom comer and 0.85 cm for the two middle cracks. These cracks are 100 times
smaller than the cracks in the central compliance case, in which the cracks are repre-
sented as a full node of backfill soil. The vault roof region is assigned a conductivity of
6 x 10-5 cm/s to simulate the presence of 0.2-cm-wide roof plank joint cracks every
meter of vault. As in the central compliance case, the roof is given the water retention
properties of backfill soil. These roof plank joint cracks were not included in the central
sensitivity case. Unlike the compliance cases, the increased conductivity from the roof
plank joints is applied both in the vertical and horizontal directions. The top node of the
concrete roof is assigned a vertical conductivity of I x 10-20 cm/s to prevent flow of
moisture from the intact barrier above (the value used in the compliance case is
I x 10-11 cm/s). In addition, the initial moisture content was set to 10% by volume in the
soil rather than 5.6%.

Case 2.4B This case was similar to Case 2.4A above, except the cracks in the asphalt barrier are
represented by a full node of backfill soil in assigning the conductivity and diffusivity
values. This treatment corresponds to crack widths at the upper vault comer of 18.9 cm
(vertical crack) and 21.3 cm (horizontal crack). The cracks at the base of the vault are
10-cm wide.

Case 2.4C This case is identical to the central sensitivity case, except the porosity, water retention,
hydraulic conductivity, and diffusivity associated with gravel are assigned to the cracks
passing through the asphalt barrier or concrete.

Case 2.4D This case is the same as the central sensitivity case, except the upper comer cracks are
eliminated.
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Table 3.46. (contd)

Sensitivity
Case

Identification Description

Case 2.4E This case is the same as the central sensitivity case, except the lower cracks in the asphalt
barrier are not present. The lower crack in the concrete is still present but while the
asphalt barrier is intact, it prevents flow out of the lower concrete crack.

Case 2.4F This case is the same as the central sensitivity case, except there are no cracks in the
asphalt or concrete.

Clay Cap/Recharge

Case 2.5A The case is similar to the central sensitivity case, except the recharge rate is 5.0 cm/yr
rather than 0.1 cm/yr and the clay cover is replaced by the backfill soil.

Case 2.5B This case is the same as the central sensitivity case, except the recharge rate is 5.0 cm/yr.

Case 2.5C This case is the same as Case 2.ID and is repeated because it makes a useful comparison.
The case differs from the central sensitivity case in that the clay cap is not present.

Water Vapor Diffusion

Case 2.6A This case is the same as the central sensitivity case, except a water source between
0. 12 and 0.13 L/yr per meter of vault is introduced to each of the six major cracks (two at
each upper comer and one at each lower comer). The water source is distributed evenly
over five nodes starting at the grout surface (cold grout at upper comers) and extending
outward through the crack for a distance of 83 to 89 cm, depending on the crack. The
rate is calculated assuming a completely clear 91.4-cm-long, 10-cm-wide crack through
the asphalt barrier.

Vadose Zone Eliminated

Case 2.6B This case is the same as the central sensitivity case, except a flux plane is defined along
the bottom of the asphalt and the material crossing this plane is immediately placed in
the aquifer, thus eliminating much of the effect of the vadose zone. However, the vadose
zone is still active in the problem and may have some influence on the diffusive and
advective fluxes crossing the plane.
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3.6.5.4 Sensitivity in Groundwater Transport

Groundwater from the unconfined aquifer eventually enters and mixes in the Columbia River.
However, this study and previous studies (U.S. DOE 1987; pages Q.33 to Q.38) have shown that expo-
sures from consuming and using the river resource do not threaten the health and safety of the general
population. Therefore, comments regarding the sensitivity of the groundwater model will focus on
groundwater use and resource protection.

The opportunity for groundwater flow and transport processes to influence the results of this per-
formance assessment is limited because the downgradient well is located only 100 m (330 ft) from the
Grout Disposal Facility, and there is virtually no opportunity for the plume resulting from long-term
release to disperse before reaching the well. Thus, point values of contaminant concentration in the
groundwater 100 m (330 ft) downgradient of the Grout Disposal Facility were estimated to be identical to
contaminant concentrations entering the aquifer from the vadose zone. However, point values of concen-
tration were not used directly as estimates of water quality or indirectly in dose calculations in this per-
formance assessment.

Simulation of groundwater flow and transport, when taken to include groundwater well hydraulics,
is significant because of assumptions made here regarding how groundwater quality (well water concen-
tration) is determined. These assumptions are based on how groundwater is used and protected by
society, and upon recommendations of the DOE Performance Assessment Task Team. The task team
recommended (Wood et al. 1992) that well drilling and completion practices in the region guide the
development of logical scenarios for groundwater recovery and use. Furthermore, the task team recom-
mended that current groundwater protection practices be used to define the water quality measured by
monitoring methods for comparison to groundwater protection standards.

Monitoring wells at the Hanford Site currently screen a 6.1-in (20-ft) interval; 4.6 m (15 ft) of this
screened interval is in the upper portion of the unconfined aquifer (Reynolds 1992). The wells are
pumped and purged infrequently at a low rate to obtain representative samples for determining water qual-
ity. The wells draw water from at least the 4.6-m interval of the screen, and may draw water from below
the partially penetrating well. To estimate the water quality of the monitoring well, contamination infil-
trating into the aquifer from the Grout Disposal Facility was simply mixed into the upper 4.6-m interval
of the unconfined aquifer. An estimation of the groundwater flux in this interval of aquifer beneath the
Grout Disposal Facility depends upon the plume width in the groundwater system, the hydraulic gradient,
and the saturated hydraulic conductivity. Scenarios involving low pumping rates use the above estimate
of groundwater quality in assessing dose or groundwater protection.

The irrigated farm scenario involves the use of well water for the resident family and the 2-hectare
farm. Records for Benton County (U.S. Bureau of the Census 1977) show that a typical family farm of
this size uses 45 m3/d, and it is assumed that the well is completed in and draws its water from the upper-
most aquifer unit, with sufficient yield to maintain this discharge. An area of uncertainty that exists but
remains unquantified is that involving the well location and well screen position. For these analyses, no

September 19943.145



WHC-SD-WM-EE-004, Rev. I

attempt has been made to quantify the likelihood of placing a well and positioning a well screen to inter-
cept the plume. However, it is clear that a well not placed downgradient of the Grout Disposal Facility,
or in the immediate vicinity of the Grout Disposal Facility, would have a substantially lower potential of
being contaminated by water originating in the Grout Disposal Facility.

Similarly, it has been assumed that water from the Grout Disposal Facility reaches the aquifer and
is intercepted by the screened interval. However, there has been no attempt to quantify how other screen
positions affect this assumption. For example, a partially penetrating well completed at the base of the
aquifer or even in the middle of the aquifer might not draw any contaminated groundwater. If, during the
drilling process, the unconfined aquifer does not provide sufficient yield, it is not uncommon for the well
to be deepened to contact a confined aquifer unit exhibiting better yield. Of course, a well completed in a
confined aquifer would not be contaminated by releases from the Grout Disposal Facility. Wells com-
pleted to greater depth in the unconfined aquifer (i.e., bottom and middle completion zones) are com-
monly constructed because they are less susceptible to problems of groundwater draw-down. Partially
penetrating wells in the upper portion of an aquifer can be impacted, even dewatered entirely by draw-
down. No attempt has been made to determine minimum or maximum concentrations that could be
sampled in possible screened intervals. It was assumed that the screened interval does not dewater, and
that it does intercept the Grout Disposal Facility release.

Based on the above references and discussion, groundwater use and resource protection have been
assumed in this performance assessment to involve a groundwater well completed in the upper portion of
the unconfined aquifer, i.e., a well partially penetrating the aquifer. This assumption is based on the cur-
rent practice, in the vicinity of the Hanford Site, of using this type of well to produce groundwater for
both residential use and monitoring purposes.

A well draws water from the three-dimensional region surrounding the screened interval; however,
the contamination from the Grout Disposal Facility enters the aquifer from above and forms a lens of con-
taminated water at the water table. As a result, a considerable quantity of clean groundwater is mixed
with contaminated groundwater as both are drawn into the well screen and pumped to the land surface
through the well bore. This process has led to an estimate of well intercept for different aquifer situations
(recharge rates) and well pumping rates (scenarios of water use or monitoring). The well intercept factor
is defined as the ratio of infiltration from the Grout Disposal Facility to groundwater flux for a monitoring
or low production well, and as the ratio of the intercepted portion of infiltration from the Grout Disposal
Facility to pumping rate for the irrigated farm scenario. Based on this approach to analyzing the aquifer,
uncertainty-ingrmundwater flow and transport is best described in terms of the influence of different
assumptions and parameters on the well intercept factor.

The potential significance of isotropic versus anisotropic hydraulic conductivity was also explored,
and the importance of anisotropic conductivity confirmed, by modeling a 5-km2 aquifer with the char-
acteristic thickness, horizontal hydraulic conductivity, and amsotropy of the aquifer underlying the Grout
Disposal Facility. The assignment of a relatively small vertical hydraulic conductivity in the anisotropic
model (i.e., horizontal-to-vertical hydraulic conductivity ratio of 15 to 1) caused the well to draw its water
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from an areally more extensive, but much shallower, portion of the aquifer. Comparisons to an isotropic
model of the same aquifer, based on both SLAEMS and PORFLOW simulations, revealed the well inter-
cept cross section was approximately doubled in the anisotropic case. A factor of two has been applied to
correct the well intercept estimated by the isotropic SLAENMS model in the sensitivity cases described
below. This study of isotropic versus anisotropic hydraulic conductivity could be viewed as.a sensitivity
study; however, it was done to determine the correct conceptual model. As a result, anisotropy has been
incorporated into all results involving the 45-m 3/d groundwater well.

The groundwater model and the resulting well intercept factor have been examined for sensitivity
to three factors: 1) recharge rate, 2) pumping rate, and 3) number of vaults. Cases were examined using
grout vault layouts consisting of 33, 4 and 1 vaults to determine the effect of total volume disposed on the
well intercept factor. The well intercept factor was calculated in each case using either 0.1 cm/yr recharge
or 5.0 cm/yr recharge, and either a pumping rate at the well of approximately zero (monitoring well) or
45 m3/day (irrigation well). The result of the analysis is a set of 12 well intercept factors (3 vault con-
figurations x 2 well pumping rates x 2 recharge rates) that describe the sensitivity of the well intercept
factor to these factors.

3.6.5.5 Sensitivity in Dosimetry

A sensitivity analysis was performed for dosimetry parameters in the irrigated farm, irrigated
garden, and river scenarios to determine the influence of these parameters and their associated uncer-
tainties on the dose estimates. The extent to which a parameter affects the total uncertainty in the dose
estimate is a function of both the uncertainty in the parameter value and the overall importance of that
parameter to the total dose estimate. For the groundwater and river scenarios, the sensitivity analysis was
performed for unit concentrations of significant radionuclides in surfacewater or groundwater. Unit radio-
nuclide concentrations were used in these cases to make the dosimetry sensitivity analysis independent of
the groundwater transport sensitivity analysis, which was conducted separately.

The uncertainties associated with the external and internal dose conversion factors were not
included in the analysis because these parameters are not variable in the computer program used to per-
form the calculations. The dose conversion factors used in the analysis are based on methods that have
been generally adopted by most national and international agencies, although they may be associated with
a substantial uncertainty themselves. The relative uncertainties associated with the internal dose factors
for ingestion and inhalation have not been well characterized, and would be expected to vary depending
on the radionuclide and exposure pathways being considered. The major sources of uncertainty in the esti-
mates are individual variations in physiology and metabolism that influence uptake, transport, and clear-
ance of materials from the body. Depending on the route of intake and the quantity of relevant exposure
and metabolic data available, dose factors for individual radionuclides may be associated with ranges that
span an order of magnitude to several (i.e., 3-4) orders of magnitude. For iodine-131, which is repre-
sented by a substantial body of clinical and experimental data, the upper 99% confidence limit for dose to
the thyroids following ingestion is approximately three times the mean within a given age group
(Dunning and Schwarz 1981). In contrast, the ingestion dose factors for transuranic radionuclides such as
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plutonium-239, which are largely based on extrapolations from animal data, may vary by several orders
of magnitude within a given population (Kocher et al. 1980) The uncertainty associated with external
dose conversion factors is substantially smaller than that for internal dose conversion factors because the
external dose conversion factors are more amenable to experimental measurement. Some variability
would be expected, however, because of individual differences in physical characteristics of the general
population. The analysis of dosimetry sensitivity in the irrigated farm and garden scenarios is presented
in Section 4.2.3, and a detailed description of the methods and results appears in Appendix N.

In contrast to the sensitivity analysis for the groundwater scenarios, the sensitivity analysis for
intruder scenarios included the effect of the initial grout inventory for all radionuclides simultaneously.
For the intruder scenarios, uncertainties in the quantity of grout brought to the surface, the area over
which the grout is distributed, and initial concentrations of significant radionuclides in the grout were also
investigated. Results of this analysis are presented in Section 4.2.4.

3.6.5.6 Sensitivity in Inventory

In simulating release of radionuclides from the Grout Disposal Facility, initial dimensionless con-
centrations of 1.0 were used in the contaminated grout. After the simulations were completed, the dimen-
sionless concentrations were convened to specific contaminant concentrations in downgradient ground-
water wells. This approach is possible because the sorption model used in the performance assessment is
linear. The insolubility of some species in the grout pore solution was incorporated with the sorption
model. Because of this, the release of a contaminant to the groundwater was directly proportional to the
inventory. If the number of vaults and site configuration are riot changed, the concentration at a down-
gradient well will also be proportional to the inventory. Inventory changes that alter the number of vaults
and/or site configuration may not result in direct proportionality if the changes alter the well intercept
factor for a groundwater well.

Groundwater Pathway. Possible sensitivity cases for the inventories of iodine-129,
technetium-99, and neptunium-237 were identified in Table 8 of Appendix E. These radionuclides were
selected because they were the three major contributors to dose impacts in all long-term simulations.
Because of their mobility in the natural environment, iodine-129 and technetium-99 dominated the early
response, while neptunium-237, because of its inventory and modest retardation in the waste form and
natural environment, dominates the long-term response (e.g., for hundreds of thousands of years). The
sensitivity cases for inventory are summarized in Table 3.47.

The sensitivity inventory values were obtained by using several different approaches to estimate the
inventory for each radionuclide. Therefore, the selection of the sensitivity value was not based on the
statistical uncertainty in the performance assessment inventory value. The performance assessment
inventory values are based on the available analysis of wastes to be grouted. The Integrated Data Base
(IDB) is used to track quantity and location of radioactive materials across the DOE complex and pro-
vides an alternate inventory value. The production values are based on a prediction of how much of the
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Table 3.47. Inventory Sensitivity Cases for the Groundwater Pathway

Performance Sensitivity
Assessment Analysis
Inventory Inventory

Isotope (Ci)(a) Basis (Ci) Basis

Iodine-129 14.6 Analysis() 46.4 Production(c)
34.2 HDWEIS(d)

Technetium-99 6310 Analysis(h) 21,960 Poduction(c)
31,420 IDB(e)

Neptunium-237 53.7 Analysis(b) 45.1 IDB(e)
56.1 Production(ce)

(a) The values shown here represent the maximum inventory that can be disposed of under this
performance assessment. If inventories greater than these are encountered, the impact will
be evaluated and the performance assessment modified as appropriate.

(b) Based on available analysis of wastes to be grouted.
(c) Estimated based on application of ORIGEN2 data to the cesium-137 content of the waste.
(d) Value used previously in the HDWEIS.
(e) Based on the Integrated Data Base for tracking radioactive materials.

isotope would be present, based on the knowledge of the fission, activation, and decay reactions. Data
from the ORIGEN2 code were used, along with the knowledge of the cesium-137 content of the waste, to
make the estimate. The cesium-137 value used includes that currently present in the waste as well as that
which will be or has been removed from the waste. Therefore, it represents a total production for the
wastes planned for grout. It does not represent the entire site production for Hanford.

Intruder Scenarios. Sensitivity to inventory is different for the intruder scenarios than for the
groundwater scenarios. The intruder dose depends on the concentration of radionuclides in the vault
through which the intruder drills. Adding additional vaults to the disposal site does not change the
intruder dose if the radionuclide concentration in the waste is not altered. For purposes of the perform-
ance assessment, the concentration obtained by evenly distributing the inventory over all vaults has been
used. It is possible that some vaults could be higher than others in the concentration of important radio-
nuclides. However, the extent of the potential variation is diminished somewhat because concentrated
wastes are blended with dilute wastes to maintain the radionuclide heating load within set limits.
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The important radionuclides for the intruder scenarios are different than those for the groundwater
scenarios. Possible sensitivity cases for the inventory of the remaining radionuclides are identified in
Table 8 of Appendix E. The inventory sensitivity cases for the intruder scenarios are summarized in
Table 3.48.

The sensitivity case for cesium-137 was not identified in Appendix E but is provided here because
some vaults may be filled with grout that is near the radionuclide heating limit. Of course, if some of the
vaults are near the heating limit, other vaults with below-average inventory would have a lesser impact on
an intruder.

The value chosen for tin- 126 in the inventory was a conservative number based on the production
expected for the amount of cesium-137 generated in the same waste. As before, cesium-137 that has been
or will be removed has been accounted for in estimating this value. The only sensitivity case identified
was the inventory based on the IDB. This value is more than an order of magnitude lower than the cur-
rently used value.

The various americium-241 sensitivity cases indicate that great uncertainty exists with this inven-
tory. The highest inventory established as a sensitivity case is based on production and is a factor of

Table 3.48. Inventory Sensitivity Cases for the Intruder Scenarios

Performance Sensitivity
Assessment Inventories

Isotope Inventory (Ci) Basis (Ci) Basis

Cesium-137 1.61 x 107 Analysis(a) 4.54 x 107 Heat Limit

Tin-126 1.11 x 103 Production(b) 1.0 x 102 IDB(c)

Americium-241 2.84 x 10' Analysisa) 1.7 x 10' Regression(d)
5.37 x 10 IDB(c)
1.0 x 101 Production(d)

(a) Based on available analysis of wastes to be grouted.
(b) Estimated based on application of ORIGEN2 data to the cesium-137 content of the waste.
(c) Based on the Integrated Data Base for tracking materials.
(d) Based on analysis using regression to describe waste volumes not otherwise adequately char-

acterized (see Appendix E).
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36 greater than the current inventory. In actuality, the inventory is limited to the 100-nCi/g TRU limit for
near surface disposal (10 CFR 61.55). Wastes in individual tanks will be evaluated for their TRU content
prior to grouting and will not be grouted if the waste exceeds 100 nCi/g. Based on an expected average
waste density of 1.3 g/cm 3, the inventory of americium-24 I that would result in a 100-nCi/g waste con-
centration would be 1.6 x 104 Ci, a factor of 5.6 increase over the inventory value for this performance
assessment.

The implications of these sensitivity inventories are discussed in Section 4.2.5.

3.6.6 Summary of Key Assumptions

Having presented the conceptual models for release and transport and described the details of the
modeling approach for simulating the long-term performance of the Grout Disposal Facility, it is appro-
priate to summarize the key assumptions in the analysis that apply to the majority, if not all, cases. In a
previous section under the topic of modeling approach, several assumptions were stated that apply to the
entire analysis (i.e., a decoupled analysis is appropriate, porous media models apply throughout, deter-
ministic models driven by parameter perturbations are an appropriate approach to sensitivity analysis),
and these will not be revised. Key assumptions are listed below for source-term inventory and release;
engineered system performance; unsaturated flow and transport; groundwater flow and transport; and
environmental accumulation, exposure, and dose.

Assumptions for source-term inventory and release:

- The sampling and characterization of wastes in the double-shell tanks used in part to
estimate waste characteristics and inventory are assumed to accurately reflect the con-
tents of the waste tanks.

All vaults are assumed to fail simultaneously by scaling the results from a single vault
to all 33 vaults. While unlikely in an absolute sense, this assumption is justified in
light of the time frames of interest (e.g., thousands to tens of thousands of years),
because failure of vaults and release of contamination are expected to occur over a rela-
tively short period of time (e.g., several hundred years).

- It is assumed that solubility does not govern the concentration of contamination in the
pore solution of the grout. From laboratory leach tests, effective diffusivities were cal-
culated for use in modeling transport in the grout. For the cases where contaminants
were immobilized in the grout, leach test data were used to determine distribution coef-
ficients and the release was modeled using a linear sorption isotherm model.
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For all species in the grout waste form, the molecular diffusivity in the pore solution is
assumed to be 2.5 x 10-5 cm 2/s. This parameter, along with tortuosity, was used to cal-
culate retardation coefficients for species in the grout waste form. The tortuosity of the
pores within the groqt medium is assumed to be a property of the grout only because
the size of grout pores will be large relative to contaminant molecules.

Contaminants are assumed to be transported under isothermal conditions in the grout
and grout vaults, either by advection of pore solution or molecular diffusion within the
pore solution. Compared with the long time frames simulated (e.g., tens of thousands
of years), nonisothermal conditions are expected to occur over a relatively short time
(e.g., less than 300 years).

The hydraulic properties of grout remain constant over specified lengths of time.
Changes in the grout hydraulic properties to represent degradation are step functions.
Grout is assumed to retain its unsaturated hydraulic characteristics and transport model
parameters indefinitely. However, the saturated hydraulic conductivity of grout is
assumed to be 1.5 x 10-6 cm/s. This value is based on the assumed similarity between
aged grout and the Ringold formation, which consists of well-rounded pebble-to
cobble-size gravel with a matrix of sand, silt, and some clay. The Ringold formation
varies from well-cemented conglomerate to open-work uncemented gravel.

Assumptions for engineered system performance:

- The van Genuchten-Mualem model used to describe water-retention and relative per-
meability relationships is applicable to the grout waste form, concrete vault, and the
asphalt barrier. These relationships were developed for unsaturated porous media
(soils). However, in this performance assessment, they are assumed to be applicable to
low-porosity and low-permeability materials, fracture or cracked materials, and
asphalt-coated materials that are not wetted by water.

- The advection model can be applied to the asphalt phase of the asphalt barrier in the
design and sensitivity cases as though it were water. Because the asphalt is hydro-
phobic and thus will repel water, this assumption is conservative. No measured
hydraulic properties were available for asphalt. The approach was to use 16.2% or
20.2% porosity, depending on the case, with the unsaturated hydraulic characteristics
of backfill soil.

- Transport of contaminants through both the concrete vault and asphalt barrier is
assumed to occur with no sorption. This assumption is conservative because sorption
is expected to occur in the concrete structure. The sorption of species in backfill soil,
and Hanford and Ringold formation sediments, was derived from existing literature or
laboratory measurements.
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Step changes in hydraulic and transport properties for engineered materials are
assumed to adequately represent the expected gradual degradation of structures. Step
changes in hydraulic and transport properties were necessary to represent degradation
in the numerical model of flow and transport through the Grout Disposal Facility.

As materials in the engineered barriers degrade, their properties are assumed to degrade
to those of other materials, selected to represent conditions worse than those expected
(e.g., higher hydraulic conductivity). For example, the hydraulic properties of the
asphalt barrier are changed to those of backfill soil when the barrier is completely
biodegraded. This assumption is necessary because very little information exists about
degradation of materials that will be used for the engineered barriers in the Grout
Disposal Facility.

Assumptions for unsaturated flow and transport:

- Centerlines between vaults were used to define the two-dimensional domain evaluated
with the unsaturated flow and transport model. The centerlines between vaults are
assumed to be vertical no-flow boundaries by lines of symmetry. These lines of sym-
metry imply that infiltrating plumes from the different vaults move downward in a
vertical soil column and do not intersect.

- Transport properties within the unsaturated zone (distribution coefficients) are assumed
to be constant in time and space. As waste solutions are released from the Grout Dis-
posal Facility and enter the surrounding soil, they encounter a different geochemical
environment, and transport properties will change as a function of the changing geo-
chemical environment. However, values of distribution coefficient for individual
transport groups were selected as conservative for the group, and, therefore, the trans-
port properties are assumed to remain constant in the unsaturated zone. Most flow and
transport models (including PORFLOW) are capable of handling only constant trans-
port properties.

- Dispersion was not modeled for transport in the unsaturated zone. No measurements
of dispersion coefficients are reported for the unsaturated zone at the Hanford Site.
Not accounting for dispersion in simulations is conservative in that higher peak con-
centrations are predicted.
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- A recharge rate of 0. I cm/yr is assumed to represent the base recharge for current cli-
mate conditions in the 200 East Area at the Hanford Site. The basis for this assump-
tion was provided in Section 2.1.7.4 and Appendix F. Higher recharge (5 cm/yr)
resulting from climate change and/or an ineffective protective barrier was investigated
as a sensitivity case.

Assumptions for groundwater flow and transport:

- Dispersion was not modeled in groundwater transport. As with the unsaturated zone,
no measurements of dispersion coefficients are reported for groundwater in the uncon-
fined aquifer at the Hanford Site. Not accounting for dispersion in simulations is con-
servative in that higher peak concentrations are predicted.

- The 4.6-m depth of the monitoring well screen is assumed to define the vertical extent
of the cross section contaminated in the unconfined aquifer by waste from the unsatu-
rated zone for dose calculations. The 4.6-m screened interval is assumed because it is
consistent with well drilling and completion practices in the region and with current
monitoring well practices at the Hanford Site.

Assumptions for environmental accumulation, exposure, and dose:

- The quantity of radionuclides entering the river annually through groundwater flow is
assumed to be diluted by a volume of water corresponding to the annual average river
flow rate at Priest Rapids Dam (Woodruff, Hanf, and Lundgren 1992). The assump-
tion requires that radionuclides entering the river be completely mixed in the river
volume at the receptor location. Whereas this treatment is not realistic for locations
along the Hanford Reach of the river, it is reasonable for locations in the Tri-Cities that
obtain their drinking water from the river. By the time the radionuclides reach McNary
Dam, they would be completely mixed and substantially diluted by inflow from tribu-
taries entering the river below Hanford.

- Additional assumptions related to environmental accumulation and exposure calcula-
tions are presented throughout Appendix M, Scenario Descriptions.

- It is assumed appropriate to calculate incremental doses from the use and consumption
of contaminated water deriving from the Grout Disposal Facility, thus neglecting
groundwater contamination associated with releases from other wastes and facilities in
the vicinity of the Grout Disposal Facility.
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3.7 Quality Assurance

Quality assurance performed as part of other grout performance assessments included activities that
are part of the Hanford Environmental Dose Overview Panel (HEDOP), and activities at both PNL and
WHC. This section describes the control of software and results used for modeling efforts in this perform-
ance assessment.

3.7.1 Hanford Environmental Dose Overview Panel (HEDOP)

The purpose of the HEDOP is threefold: to ensure that appropriate radiological and nonradio-
logical environmental and health dose assessment methods are used at Hanford, to ensure that all
Hanford-related environmental and health dose assessments are technically consistent, and to foster com-
munication among the Hanford contractors regarding environmental and health dose assessments.

A major responsibility of HEDOP is to establish and maintain a list of HEDOP reviewers who per-

form reviews of completed environmental pathway and health dose assessments. HEDOP reviewers con-
duct these reviews to ensure appropriate methods are used, to assure consistency in the technical approach
used to perform calculations, and to promote communication among DOE contractors performing these
analyses. The HEDOP review is an overview, as implied by the Panel name, although technical issues
may also be addressed as part of the review. Indeed, separate from their role as HEDOP reviewer, the
same individual may be asked to perform a peer or technical review of the reported analyses. All dose
calculations appearing in this performance assessment have been reviewed and approved for publication
by a HEDOP reviewer.

3.7.2 Westinghouse Hanford Company Quality Assurance

Contributors from WHC for this performance assessment conducted activities of the project under
the guidance of the provisions of the American Society of Mechanical Engineers (ASME) Nuclear
Quality Assurance (NQA)- 1 Program Requirements for Nuclear Facilities (ANSI/ASME 1989), as
required by DOE Order 5820.2A (U.S. DOE 1988a). The manner in which the first 18 basic elements of
NQA- I are implemented in the Grout Program is documented in the Hanford Site Grout Facilities
Quality Assurance Program Plan (Wood et al. 1992). There are no implementing procedures specific to
the Grout Technology Project. Instead, the procedures of the WHC Quality Assurance Manual [WHC-
CM-4-2.1 (Wi-HC 1992b) were used. These are indexed corresponding to NQA-1.

For this performance assessment, basic item 19 of the Westinghouse Quality Assurance Program
(software quality assurance requirement) was implemented through the use of the document Software
Practices [WH C-CM-3-10] (WHC 1993b)] and Section 2.1 of Standard Engineering Practices
[WHC-CM-6-I (WHC 1992c)]. The code used (i.e., PORFLOW) was under configuration control and
went through a verification process [see Section 3.5.2.3, Appendix H, and Piepho et al. (1994)]. The
input and output of all simulations used in this report were reviewed by a second party.

3.155 September 1994

'IF



WHC-SD-WM-EE-004, Rev. I

3.7.3 Pacific Northwest Laboratory Quality Assurance

The grout performance assessment work conducted by PNL was performed in accordance with the
appropriate portions of PNL's Quality Assurance (QA) Program. The PNL QA program conforms to
NQA-1, Quality Assurance Program Requirementsfor Nuclear Facilities, as interpreted in Parts 1 and 3
of PNL-MA-70, Quality Assurance Manual. Part 3 of the manual is a set of administrative procedures
that define how the various requirements of NQA- I are implemented. The administrative procedures
define controls, policies, and established methods for managing and conducting all aspects of work that
affect quality.

For experimental studies at PNL supporting this performance assessment, all phases of the work
were performed in accordance with the QA program. The QA program administrative procedures have
been established to control all aspects of work that can affect quality. Some of the controls include the
following:

* indoctrination, training, and qualification of staff

* control of supplies and services

e control of test materials

* preparation and control of test plans and procedures

* control and calibration of measuring and test equipment

* control of the experimental design

* performance, documentation, and evaluation of test results, and

- identification and correction of conditions adverse to quality.

Computer codes used for the performance assessment are documented, tested, and reviewed in
accordance with software control procedures established as part of the overall QA program. These soft-
ware control procedures have been structured to address the requirements of ANSI/ASME NQA- 1, Basic
Requirements 3, and Supplement 3S-1, Supplementary Requirements for Design Control. The proce-
dures cover all aspects of code development and usage, including the following:

- identifying, reviewing, and controlling inputs used for code development or code acquisition

* controlling the code development process, including a final development review

September 1994 3.156



WHC-SD-WM-EE-004, Rev. I

* controlling verification, validation, and conversion testing activities, and

* managing the configuration of established codes.

A key aspect of the QA program involves the technical and peer reviews of procedures, test plans,
data, calculations, and other test results. These reviews help to ensure that the results are complete, cor-
rect, and consistent with the supporting records. The reviews range from verifying that calculations or
data reduction have been performed correctly to the evaluation of test methodology, as described in a pro-
posed test plan. These reviews are performed for essentially all aspects of work supporting the perform-
ance assessment.

Periodic, comprehensive audits are performed by QA auditors to ensure that all applicable elements
of the QA program are being effectively implemented. In addition, a QA engineer assigned to the pro-
grain performs routine reviews and evaluations to ensure that the QA program is being effectively imple-
mented. The QA engineer periodically evaluates data to ensure it is fully supported by complete and
correct records. In addition, evaluations may include test activities in progress to ensure that the activities
are being performed in accordance with requirements of the QA program and the technical planning
documents.

Records generated from all activities are indexed and managed in accordance with QA program
requirements. Records holding facilities are used for long-term records retention and storage.

3.7.4 Performance Assessment Technical Reviews

Over the course of developing this performance assessment, the program has conducted a number
of independent technical reviews; one on the performance assessment methodology and several on the
evolving performance assessment document itself. These reviews are listed below. In addition, numer-
ous internal PNL and WHC technical reviews have been conducted during the performance assessment
preparation and revision. The recommendations from these internal and external reviews have been
incorporated, as appropriate, into the performance assessment process and documentation.

In October 1988, PNL convened a 5-member panel drawn from academia to review the perform-
ance assessment methodology being proposed and experimental work underway at the time in support of
the performance assessment and disposal system design. A third-party technical review of the grout per-
formance assessment in progress was conducted in July 1989 (Advanced Sciences, Inc. 1989). Another
third-party technical review was conducted in December 1989 to confirm the validity of the "water vapor
return phenomenon."

DOE Order 5820.2A (U.S. DOE 1988a) includes provisions for a Peer Review Panel (PRP) com-
posed of DOE, contractor, and other specialists in performance assessments. The PRP is charged with
assuring consistency and technical quality of performance assessments prepared across the DOE complex.
This PRP conducted a preliminary review of the PA in progress in May 1989 and a detailed review of the
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performance assessment documentation during 1991. Based on that review, the PRP requested a revision
of the grout performance assessment to address their concerns. This 1993 revision of the performance
assessment addresses those concerns.

To assist in preparing the 1993 revision of the grout performance assessment, a Steering Committee
of senior PNL and WHC technical staff was formed to help guide the revision process. The Steering Com-
mittee is chartered with providing review and guidance on specific issues as they arise in the revision
process and with providing a final technical review of the performance assessment document. Resumes
of the Steering Committee members are included in Chapter 6 of this document.
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4.0 Results of Analysis

This chapter presents the results of the analyses conducted for this performance assessment. Sec-
tion 4.1 presents the results of the analyses of 1) exposures due to flow and transport of radionuclides to
the groundwater and to the Columbia River, 2) exposures resulting from inadvertent intrusion into the
grout vaults, and 3) exposures from other potential natural processes or events. Section 4.2 examines the
sensitivities and uncertainties in the results. Section 4.3 provides an integration and interpretation of the
results. In Chapter 5, the results of the analyses are compared to the performance objectives outlined in
Chapter 1.

4.1 Results of Exposure Pathways Analyses

This section presents the results of analyses conducted to evaluate the performance of the engi-
neered disposal system for comparison with the performance objectives. First, intermediate results for
modeling the flow and transport of contaminants through the engineered disposal system and the soil col-
umn to the groundwater are presented. Second, the impacts of groundwater contamination are discussed
in terms of the exposures from use of contaminated well water or Columbia River water. Third, expo-
sures resulting from inadvertent intrusion into the grout vaults are presented. Finally, exposures from
other potential natural processes or events are discussed.

Because of uncertainties involved in predicting long-term changes of properties in the engineered
features of the disposal system, a series of simulations were completed that incorporated staged degrada-
tion of the engineered structure based on the conceptual model of the disposed system. The simulations
presented here represent the best effort to date to predict the very long-term performance of the grout and
engineered system. These cases were selected to compare to the performance objectives and are referred
to as compliance cases. Several similar cases have been simulated with slightly different approaches to
determine the effects of the different approaches. Currently, the knowledge of long-term degradation is
not sufficient to select a single staged-degradation simulation as a best estimate case.

The compliance cases presented here are described in detail in Chapter 3. Because of the amount of
detail required to completely describe a simulation, only the primary differences between the different
simulations are discussed here. In this performance assessment, Case 1.0 is the central compliance case,
in that all other cases involving staged degradation represent parameter changes from this case. Table 4.1
summarizes the differences among the cases. The reader may wish to review the conceptual model
description for Case 1.0 in Chapter 3 before continuing here (see Section 3.6.2).
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Table 4.1. Differences in Compliance Case Simulations

Timing of General
Model for Concrete Liner/Catch Concrete/Asphalt

Crack Hydraulic Basin Cracking
Case Properties Structure (yr)

1.0 - Central compliance Backfill Soil Included 5,150/5,000

1.1 - Delayed cracking Backfill Soil Included 10,000/10,000(a)

1.2(') - No HDPE flow path Backfill Soil Neglected 5,000/5,000

1.3 - Composite model(c) Composite Model Included 5,150/5,000

(a) Items in italics indicate changes from central Case 1.0.
(b) Case 1.2 had several additional differences (see Section 3.6.5.3).
(c) For a description of the composite model, see Appendix P, Section P.1.1.

4.1.1 Intermediate Transport Results for Groundwater Pathway

This section provides the results of transport from the engineered disposal system to the ground-
water. The discussion is divided between results of transport in the vadose zone and results of release
into the aquifer.

4.1.1.1 Vadose Zone Results

This section presents the moisture content, advective velocities, and contaminant concentrations
within the soil column. The results focus on Case 1.0, the central compliance case considered.

The distribution and movement of moisture within the disposal system are calculated throughout
the simulation as the properties of the engineered system are changed in response to assumed degradation
processes. A plot of the moisture content (volume percent moisture) within the vadose zone at
10,000 years is shown in Figure 4.1. A contour plot of the corresponding magnitude of horizontal and
vertical Darcy velocities is shown in Figure 4.2A and 4.2B, respectively. Contour plots for additional
times are provided in Appendix P. The moisture content contours within the system change very little
between 1,000 and 10,000 years.

Plots of the relative concentration contours for transport group IA (iodine-129) are shown in Fig-
ures 4.3 (1,000 years), 4.4 (10,000 years), and 4.5 (50,000 years). The contour plot at 50,000 years is
close to the time of peak dose from all radionuclides of 48,400 years (as determined from the scenario
that uses groundwater to irrigate a family farm). In these plots, a concentration of 1.0 is the initial
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condition for the grout region. Iodine- 129 is the most mobile radionuclide within the grout and is mod-
eled without sorption anywhere in the engineered system or environment.

When interpreting the concentration contours, it should be noted that the plot is of concentration in
the liquid phase (calculated using liquid volume, not total volume). Therefore, in comparing regions with
similar concentration values, regions with a higher moisture content will contain a larger inventory than
regions with a low moisture content.

Figure 4.3 shows the concentration contours at 1,000 years. As can be seen, the contaminant has
not yet reached the aquifer in any appreciable amount. Because of the recharge from the top of the sys-
tem, the contaminant does not migrate upward by diffusion. The primary movement of contaminant
away from the vault is occurring along the sides of the vault. The lower flow through the engineered sys-
tem causes the concentration profiles in the soil to dip upward underneath the vault. Concentrations
within the grout decreased partially because of release from the engineered system, and partially because
of transport of contaminants from the grout into the cold grout and the concrete of the vault and catch
basin.

Figure 4.4 shows the concentration profile at 10,000 years. The concentrations within the soil
column have increased significantly. The greater release is due to substantial increases in the hydraulic
conductivity of the grout and asphalt barrier at 5,000 years and an increase in hydraulic conductivity of
the concrete at 5,150 years. In addition, the water retention properties for concrete are changed to those
of backfill soil at 5,150 years, resulting in drainage of moisture from the concrete. These changes simu-
late the onset of generalized cracking in the asphalt barrier, concrete vault, and grout (see Section 3.6.2
and 3.6.3.1). These changes increase the amount of advection occurring directly through the engineered
system. The highest concentrations in the soil column are located directly beneath the grout vault. How-
ever, despite the greater concentrations in the soil column, less than 1.5% of the total inventory has been
released to the aquifer. The rate of release to the groundwater increases after 10,000 years as the higher
concentration profiles reach the bottom of the vadose zone.

Figure 4.5 shows the concentration profiles for iodine- 129 at 50,000 years. The final steps in the
degradation of the asphalt barrier and grout occurred at 40,000 years. The contour plot represents the sys-
tem near the time of the peak dose from all radionuclides in the farm scenario and, for the iodine-129
dose, just after the final peak. After this time, the dose from iodine- 129 declines. Note that the source in
the engineered system has been significantly depleted.

4.1.1.2 Release to Groundwater

This section provides intermediate results of the fractional release of the inventory and the ground-
water concentrations for the central compliance case (Case 1.0).

The fractional release of the inventory for Case 1.0 is shown in Figure 4.6. This figure does not
account for the inventory of individual species within each transport group, and does not include the

September 19944.9



WHC-SD-WM-EE-004, Rev. I

FEL6_8b.k1

129 1

*..... 99TC

- -
2 3 8

u

1

iI

103

I

I,

it.
tv..

**

I..
....

A
'I

1~~I.
-, I

!
I

II'

104

Time, yr

10-5

101n

to-,

106

S9303041 70b

Figure 4.6. Fractional Release to the Groundwater Per Year for Case 1.0. Effects of radioactive decay
are not included. Curves correspond to results for transport groupings: iodine-129, group
IA; technetium-99, group 2A; neptunium-237, group 3C; uranium-238, group 4A.

effects of radioactive decay. It illustrates the fraction of the initial grout inventory transported from the
vadose zone to the aquifer in a given year. The curve for iodine-129 applies to any species in transport
group I A.a Similarly, the curves for technetium-99, neptunium-237, or uranium-238 would be appli-
cable to other contaminants whose transport properties place them in transport groups 2A, 3C, or 4A,
respectively.

The releases to the groundwater are extremely small prior to 2,000 years because of the time
required for contaminants to migrate from the engineered system to the aquifer. Between 2,000 and
5,000 years, the release of iodine-129 and technetium-99 increases as the release from comer cracks in the
asphalt barrier of a grout vault reaches the groundwater. Following significant degradation of the asphalt
barrier, concrete vault, and grout at 5,000 years, the rate of release of technetium-99 and iodine-129 to the
groundwater increases sharply at about 7,000 years. At 10,000 years, the release to the aquifer of species
in groups 3C and 4A are extremely small because of the sorption behavior in the soil and grout. After
100,000 years, the rate of technetium-99 and iodine- 129 release to the aquifer decreases as the inventory
becomes depleted. The initial release behavior of group 4A parallels the release curves of groups IA and

(a) The term "transport group" refers to a pair of specific distribution coefficients in the grout
(specified by the number) and soil (specified by the letter). All species within a transport group
are modeled using the same distribution coefficients in these regions. See Section 3.3.

September 1994

V
I -

I * -

I -

I . -

ca

0

10:1

10 -

102

101

105

4.10



WHC-SD-WM-EE-004, Rev. I

2A, except that the fractional release is much lower because of sorption in the grout. After reaching a
maximum release rate, the fractional release of group 4A forms a plateau that decreases very slowly
because of strong sorption in the grout. Group 3C includes sorption in both the grout and soil column,
resulting in a delayed arrival (primarily due to soil column sorption) and a much lower and broader peak
(primarily due to sorption in grout).

Figure 4.6 illustrates the effect of sorption in the grout and soil. The primary effect of increased
sorption in the grout is to shift the fractional release curve vertically downward. This shift is approxi-
mately one order of magnitude for technetium-99 (transport group 2A) and over four orders of magnitude
for uranium-238 (transport group 4A). This vertical shift )s most straightforward in the first few thousand
years while the inventory of the less sorbed species has not been significantly depleted. The effect of
sorption in the soil column can be seen by examining the curve for neptunium-237 (transport group 3C),
which is modeled with sorption in both the grout and soil. In this case, the initial arrival time of the con-
taminant is delayed significantly and the curve is smoothed and spread over time, providing an additional
decrease in the magnitude of the peak release to the aquifer.

The predicted concentrations of iodine-129, technetium-99, and neptunium-237 in the groundwater
(assuming a 4.6-m mixing depth) are shown in Figure 4.7 as a function of time. These concentrations are
determined using the fractional release information determined above for each transport grouping. Other
factors contributing to the calculation include the inventory for each species, the recharge from the site,
the groundwater flow, the travel time to the well, radioactive decay, and the 4.6-m mixing depth in the
groundwater. This calculation is described in Section 3.5.4.
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Figure 4.7. Concentrations in Groundwater for Key Radionuclides. Assumed mixing depth 4.6 m.
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4.1.2 Dose Results for Groundwater Pathway

This section provides the doses calculated for the selected groundwater pathway exposure sce-
narios. Doses for all of the compliance cases are presented and compared to performance objectives.
Additional detail in terms of the breakdown of the dose by radionuclide is provided for the central com-
pliance case (Case 1.0). A summary of doses for the compliance cases is provided in Table 4.2.

Table 4.2. Summary of Dose Results for Compliance Cases

Dose Result by Case(a) (mmm/yr)

Scenario

Irrigated Farm
1,000 years"'
10,000 years()
Maximum Dose(d)

Garden
1,000 years
10,000 years
Maximum Dose(d)

Groundwater Protection
(drinking water)

1,000 years
10,000 years
Maximum Dose (d)

Community Well(e)
Maximum Dose (d)

RiverN0

Maximum Dose(d)

Performance
Objective

25 mrem/yr
25 mrem/yr

NA

25 mrem/yr
25 mrem/yr

NA

4 mrem/yr
4 mrem/yr

NA

1.0 1.1 1.2 1.3

<0.01
3.0

18

<0.01
4.8

26

<0.01
4.1

19

<0.01
0.28

18

<0.01
0.47

26

<0.01
0.42

20

<0.01
5.2

20

<0.01
8.2

28

<0.01
6.9

20

<0.01
0.84

24

<0.01
1.4

35

<0.01
1.2

26

Cumulative Dose (person-rem/yr)

500-person-rem/yr

500-person-rem/yr

2.1 2.0

0.038 0.039

2.2

0.042

2.8

0.052

(a) Refer to Table 4. 1 or Chapter 3 for description of cases.
(b) 1,000 years corresponds to regulatory performance objective from DOE-RL 5820.2A.
(c) 10,000 years corresponds to the programmatic performance objective.
(d) In all cases the maximum dose occurs at approximately 50,000 years.
(e) The community well serves 80 people.

(f) The downstream population in the river scenario is 5 x 106 people.
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4.1.2.1 All Pathways, Maximum Individual

Irrigated Farm Scenario. The farm scenario (see Section 3.2.4.1) includes the all-pathways expo-
sure from the use of downgradient well water for drinking, irrigating, and watering livestock. The farm
scenario dose for Case 1.0, along with the breakdown of the radionuclides that contribute to the dose, are
shown in Figure 4.8. Due to the scale selected for dose in Figure 4.8, the dose is not visible until after
5,000 years. However, doses exceeding 1 x 10(' mrem/yr are calculated after 2.000 years and doses
exceeding 0.01 mrem/yr are calculated after 3,500 years. Similar results are obtained for other
groundwater-related scenarios in compliance case simulations. Included in Figure 4.8 are shaded regions
illustrating the regions that would not meet the 1,000-year 25-mrem/yr performance objective from
DOE-RL Order 5820.2A (labeled "regulatory perfornance objective"), as well as the more conservative
10,000-year time frame adopted by the program as a design goal and used in this performance assessment
as a performance objective (labeled "programmatic performance objective"). As the figure shows, the
results fall outside of the shaded regions, indicating that the performance objectives for this scenario are
met. The peak dose of 17.5 mrem/yr occurs at 48,400 years. Therefore, the dose for the irrigated farm
scenario is below 25 mrem/yr for all time. At the time of the peak, 77% of the dose is attributed to
technetium-99, with the remainder from iodine- 129. The technetium-99 exposure occurs 80% through
the ingestion pathway and 20% through drinking water. The iodine dose occurs 62% through drinking
water and 38% through ingestion. Other pathways and radionuclides are much less significant.
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Figure 4.8. Case 1.0, Central Compliance Case: Breakdown of Farm Scenario Dose by Radionuclide.
Shaded areas indicate where performance objectives would not be met.
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The farm scenario doses for the four compliance cases are shown in Figure 4.9. All cases are
within the 10,000-year, 25-mrem/yr performance objective. In fact, the farm scenario dose never exceeds

25 mrem/yr at any time. The dose results for the different compliance cases are essentially similar,
although there are minor differences between the curves. The discussion below identifies these
differences.

Prior to 5,000 years, the doses for all cases are fairly low because of the travel time to the aquifer
and the limited cracking at the upper corners of the asphalt barrier vaults. The doses for Case 1.2 tno

high-density polyethylene (HDPE) flow path] are slightly lower prior to 5,000 years, possibly because
other compliance cases experience increased diffusion through the RCRA structure to the comer cracks.

Otherwise all the cases are nearly identical until 5,000 years.

At or near 5,000 years, Cases 1.0, 1.2, and 1.3 are modeled as experiencing generalized cracking of
the grout, concrete, and asphalt barrier. The effects of these cracks are implemented in the model as sig-
nificant increases in the hydraulic conductivity of the grout, the concrete and the asphalt barrier, and in

changes in the water retention properties for the concrete. These changes result in significant increases in
releases from the engineered system for all cases. In Case 1. I the changes in the asphalt barrier and con-

crete are not implemented until 10,000 years, a treatment tha. substantially decreases the doses prior to
10,000 years.
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Figure 4.9. Compliance Cases: Farm Scenario Dose. Shaded regions indicate where performance
objectives would not be met.
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In the time period of 5,0() to 20,000 years, the curves in Figure 4.9 diverge. During this period
Case 1.2 reaches the highest dose of the compliance cases. In Case 1.2, the concrete roof changes water

retention properties from concrete to backfill soil at 5,000 years and the pore water drains from this
region. All other cases in Figure 4.9 initially use the water retention properties of backfill soil in the con-
crete roof to avoid this drainage of pore water. Both Cases 1.0 and 1.2 experience drainage from the sides
and bottom of the vault and catch basin concrete at 5,150 and 5,000 years, respectively. However,
because there is not a catch basin cavity in Case 1.2, the amount of moisture draining is more than in
Case 1.0. In addition, there are low-conductivity cells in the top of the concrete in Cases 1.0, 1.1, and 1.3
that are not present in Case 1.2. The presence of these cells may also contribute to the higher dose for
Case 1.2 in the 5,000- to 20,000-year time frame.

Case 1.3 uses the composite model for unsaturated hydraulics of the cracked concrete on the sides
and bottom of the engineered system. Use of the composite model prevents the drainage of pore water
from the concrete as seen in other cases. The rise in dose after 5,000 years in Case 1.3 is not as rapid as
that in Cases 1.0 and 1.2. The rise in dose in Case 1. 1 is delayed until the changes in the concrete and
asphalt barrier are introduced at 10,000 years. At 10,000 years the dose seen in Case 1.1 resulting from
release through the comer cracks is only 0.3 mrem/yr.

Degradation of the system is modeled as being completed at 40,000 years in all cases. At times
greater than 40,000 years, the initial delay in degradation is no longer evident in the results, and Cases 1.0
and 1.1 are nearly identical. The highest peak dose is obtained in Case 1.3 (24 mrem/yr versus
18 mrem/yr for Case 1.0). The release modeled in Case 1.3 appears to be greater than that for other cases
after 40,000 years, probably because of the composite model used for the concrete cracking. The higher
release causes the curve to dip low at about 100,000 years as the technetium-99 is depleted prior to the
arrival of the dose from neptunium-237. In addition, the final dose from neptunium-237 is slightly higher
in Case 1.3 than in other cases. Case 1.2 shows a greater release after 100,000 years than Cases 1.0 and
1.1. This difference may be due to the absence of a Resource Conservation and Recovery Act (RCRA)
liner and catch basin structure; it also may be due to the low conductivity cells included in the top of the
concrete barrier, or to other differences.

Irrigated Garden Scenario. The garden scenario (see Section 3.2.4.1) is very similar to the farm
scenario in that it is an all-pathways scenario for a maximum individual and is compared to the
25-mrem/yr performance objective. However, the garden scenario excludes the ingestion of animal prod-
ucts, a pathway included in the farm scenario. Also, the volume of water withdrawn from the well is less
in the garden scenario, resulting in less mixing with uncontaminated water in the well intercept and higher
concentrations in the water used in the scenario. The doses calculated for the garden scenario for
Case 1.0 are shown in Figure 4.10 and include a breakdown by radionuclide. The boxes in the upper left
of the figure show the 1,000-year regulatory performance objective period and the 10,000-year program-
matic performance objective. Both of these objectives are met with the maximum dose over the first
10,000 years of 4.8 mrem/yr occurring at the end of the period. The increase in dose in the garden sce-
nario over the farm scenario is due primarily to the increase in concentration that results when less water
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Figure 4.10. Case 1.0, Central Compliance Case: Breakdown of Garden Scenario Dose by
Radionuclide. Shaded regions indicate where performance objectives would

not be met.

is drawn into the well. The maximum dose of 25.5 mrem/yr occurs at 48,400 years. This peak is essen-
tially equal to the 25 mrem/yr performance objective adopted through 10,000 years. During the
10,000-year period for which performance objectives are formulated, the only significant doses come
from technetium-99 and iodine-129. Neptunium-237 and, to a much lesser extent, tin-126 become impor-
tant after 100,000 years. This time delay is due to the delay m arrival resulting from sorption of these
species as well as the depletion of the inventory of technetium-99 and iodine-129. At the time of the

maximum dose, 68% of the dose is attributed to technetium-99 with the remainder from iodine- 129. The

technetium-99 exposure occurs approximately half through drinking water and half through ingestion
pathways. The iodine- 129 exposure occurs nearly entirely through the drinking-water pathway. Other
exposure pathways and radionuclides are much less important. The doses for the garden scenario for the
other compliance cases are shown in Figure 4.11. As in the farm scenario, the curves are all very similar,
with minor variations arising from the assumptions about system properties. The discussion provided
above for the dose curves for the compliance cases farm scenario also applies to the curves for the com-
pliance cases garden scenario.

4.1.2.2 Groundwater Protection

This performance assessment has adopted a regulatory performance objective of 4 mrem/yr through
the drinking-water pathway for 1,000 years after disposal (see Section 1.5.2). In addition, the 4-mrem/yr
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Figure 4.11. Garden Scenario: Doses for Compliance Cases. Shaded regions indicate where per-
formance objectives would not be met.

drinking-water dose has been adopted as a programmatic performance objective for a period of
10,000 years. Although this performance assessment is concerned with radiological releases, information
is provided on the concentration of inorganic chemicals, with primary and secondary drinking-water stan-
dards provided as a point of reference.

The drinking-water scenario provides a basis for comparison in which the dose from drinking water
is calculated assuming that the contaminant is mixed into the groundwater to the 4.6-m depth of the well
screen. In addition, the concentration of chemicals identified in the primary and secondary drinking-
water regulations is compared to drinking-water standards at 1,000 and 10,000 years. Figure 4.12 shows,
for the central compliance case (Case 1.0), the dose from the drinking-water pathway along with a break-
down of radionuclides. Iodine- 129 is the most important radionuclide, followed by technetium-99. The
doses at 1,000 years are essentially zero (calculated <I x 10-15 mrem/yr). At 10,000 years the dose
reaches 4.1 mrem/yr, which is not significantly different from the 4-mrem/yr performance objective.
After 10,000 years, the dose reaches a maximum peak of 18.7 mrem/yr at 48,400 years. After 100,000
years, the dose increases and then slowly declines to form a secondary peak of 8.6 mrem/yr at 173,000
years. The secondary peak is due almost entirely to neptunium-237.

Drinking water is a key exposure pathway for iodine. The iodine dose in the drinking-water
scenario is higher than the total iodine dose in either the farm or garden scenario. The increased
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Figure 4.12. Case 1.0, Central Compliance Case: Drinking-Water Dose to Maximum Individual.
Shaded regions indicate where performance objectives would not be met.

concentrations obtained in the low-volume well more than compensate for the lack of additional path-
ways. Also, the amount of drinking water consumed in the drinking-water scenario is 2 L/d compared to
1.8 L/d in the farm and garden scenarios.

Figure 4.13 provides the drinking-water dose for the compliance cases. All cases meet the
4 mrem/yr regulatory performance objective at 1,000 years. As with the doses for the farm scenario, the
doses are very low until after generalized cracking is assumed to occur at 5,000 years. The doses then
rise rapidly. At 10,000 years, Case 1.0 is approximately at the programmatic performance objective and
Cases 1.1 and 1.3 are within the programmatic performance objective. However, Case 1.2 exceeds
4 mrem/yr after approximately 9,000 years and reaches a dose of 6.9 mrem/yr at 10,000 years. All of the
cases eventually exceed 4 mrem/yr. The treatment of the concrete roof of the vault may be why Case 1.2
produces a higher dose than Case 1.0. As discussed in Section 4.1.2.1, the concrete roof is assigned the
water retention properties of backfill soil at 5,000 years, causing the pore water to drain from this region.
All other cases in Figure 4.12 initially use the water retention properties for backfill soil in the concrete
roof to avoid this drainage of pore water. Both Cases 1.0 and 1.2 experience similar drainage from the
sides and bottom of the vault and catch basin concrete at 5,150 and 5,000 years, respectively. However,
because the catch basin cavity is absent in Case 1.2, the amount of moisture draining is greater than in
Case 1.0. Another possible reason for the dose in Case 1.2 to be higher than in other compliance cases is
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Figure 4.13. Drinking-Water Doses for Compliance Cases. Shaded regions indicate where performance

objectives would not he met.

the presence of low-conductivity cells in the top of the concrete in Cases 1.0, 1.1, and 1.3. These cells are
not present in Case 1.2. The conductivity of these cells was reduced to prevent drainage of the pore fluid
from the asphalt barrier into the concrete prior to degradation of the asphalt barrier.

In addition to the radiological impacts, the concentrations of inorganic chemicals listed in the pri-
mary and secondary drinking-water regulations were estimated. Chemical concentrations are provided
for information purposes and are not associated with a performance objective. The concentrations are
provided in Table 4.3 at 1,000 and 10,000 years and are based on mixing to a 4.6-m depth in the aquifer.
As seen in the table, the concentrations at 1,000 years are extremely small and at 10,000 years only anti-
mony (Sb) exceeds drinking-water standards. This result for antimony may be an artifact of the inventory
estimate. The inventory of antimony is based on the analytical detection limit of a chemical analysis
rather than a measured result. The amount of antimony may he much less than the detection limit. The
transport properties for antimony in the grout and soil at the grout site are not well understood and it is
possible that antimony will be fairly mobile. Therefore, the transport of antimony was modeled as occur-
ring in transport group IA, the most mobile set of transporl properties. The concentration of nitrite is
very near the limit at 10,000 years. However, nitrite is slowly oxidized to nitrate in the presence of air
(Merck Index 1983). Due to the aerobic conditions in the Hanford soil, nitrite is expected to be converted
to nitrate over the time period required to reach the aquifer. When looked at over time periods exceeding
10,000 years, concentration of several species exceed the drinking-water standards, including aluminum,
beryllium, chromium, fluorine, nitrate, nitrite, and antimony. The inventory value for beryllium is based
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Table 43. Concentrations of Primary and Secondary Drinking-Water Chemicals in the Aquifer.
Concentrations assume mixing to a depth of 4.6 in, the assumed screened length of a
monitoring well. Values exceeding primary or secondary drinking-water standards are
shown in bold.

Maximum for
<1,000 yr

Species (mg/L)

Ag 0
Al 0
As 0
Ba 0
Be 0
Cd 0
Cl 0
CN(free) 0
Cr 0
Cu 0
F 0
Fe 0
Hg 0
Mn 0
Ni 0
NO (as N) 0
N0 -(as N) 0
TOTAL N 0
Pb 0
Sb 0
Se 0
SO 4  0
Zn n

Maximum for
<10,000 yr

(mg/L)

0
0
3.8 x 10-'
0
2.0 x 10-3
0
8.4 x 10-'
1.3 x 10-3
1.7 x 10-2
0
3.8 x 10-'
1.4 x 10-5
0
5.1 x 10-6
0
4.7
8.7 x 10-1
5.6
0
1.0 x 10-2
0
8.5 x 10-1
0

Maximum for
All Time
(mg/L)

4.9 x 10 5

8.4 x 10-2(f
4.5 x 10-6
7.9 x 10-'
6.0 x 10-'(
8.8 x io5,
7.2 x 10-'
3.9 x 10-'
1.5 x 10 -1(h)

1.2 x 104
.3.2(h
I.7 0-4

7.7 x 10-6
6.0 x 10--
5.2 x 10'
1.4 x 101

11.7 x 101
4.7 x 10-4
31.1 x 10-1g
2.2 x 104
2.6
z.7 x 104

Drinking-Water
Standard (mg/L)

I x 10-1
5 x 10-2 to 2 x I0-)
5 x 10-2c

x%
4 x 1 0 -3(d)

5 X 10-3(d)
2.5 x 10 2(b)

2 x 10 -1(d)

5 x 10-()
5 x 10-2b
2('
3 x 10-b
2 x 10-3(c)

5 x 10-2b)
I X 10-1(d)
I X 101(d)

1(d)

1 x 10 1(d)
5 x 10-2c
6 x 10 -3(d)

1 x 10-2(c)
2.5 x 102(b)
5(b

(a) From 40 CFR 143 National Secondary Drinking-Water Regulations.
eliminated at 56 FR 32113, 7/15/91.

Limit in 40 CFR 141.11

(b) From 40 CFR 143, National Secondary Drinking-Water Regulations.
(c) From 40 CFR 141.11, National Primary Drinking-Water Regulations.
(d) From 40 CFR 141.62, National Revised Primary Drinking-Water Regulations.
(e) Secondary limit from 40 CFR 141. Primary limit is 4 mg/L.
(F) Calculation of aluminum transport in soil used distribution coefficient of 30 ml/g, which is

.believed to be very conservative.
(g) Inventory value is based on detection limit of analysis, not on measured result.
(h) Chromium and fluorine are expected to have distribution coefficients greater than 125 ml/g.

However, to reduce modeling they have been simulated with a grout distribution coefficient of
2 ml/g.

(i) Nitrite is expected to convert to nitrate before reaching the aquifer.
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on the detection limit of a chemical analysis, not on a measured result. The actual inventory of beryllium
may be much less. The calculated releases of chromium and fluorine are very conservative. They were
placed in transport group 3A (grout distribution coefficient of 125 ml/g) but were calculated in group 2A
(grout distribution coefficient of 2 ml/g) to reduce the total number of transport simulations needed. An
additional simulation with a grout distribution coefficient of 125 ml/g would likely show these species do
not exceed drinking-water limits at any time. The transport of aluminum was calculated in group 3C,
which uses a distribution coefficient in the soil of 3.0 md/g. This value is believed to be very conserva-
tive. If a larger value were used, the resulting concentration would be expected to be below the secondary
drinking-water standard. However, because this calculation would require an additional simulation spe-
cifically for aluminum, it was not performed. However, if the degradation described in the conceptual
model actually occurs, the concentrations of nitrate would be expected to eventually exceed the drinking-
water limit.

4.1.2.3 As Low As Reasonably Achievable (ALARA) Requirement

A performance objective to maintain the population dose below 500 person-rem/yr has been
adopted (see Section 1.5.2). Two scenarios were used to evaluate the performance of the Grout Disposal
Facility relative to the ALARA criteria: exposure through the Columbia River and exposure through a
community well.

River Scenario. In the river scenario, the contamination from the Grout Disposal Facility is trans-
ported through the aquifer into the Columbia River. The contamination is then mixed into the river and
exposure occurs through use of the river water by downstream populations (see Section 3.2.4.4). The
river scenario is important because it is a scenario that will almost certainly occur. The exposure does not
rely on any low probability event. It is expected that the Columbia River will be used by downstream
populations for the foreseeable future.

Exposure in the river scenario results in extremely small individual doses because of the extent of
dilution that occurs when the groundwater mixes with the Columbia River. Because of this, the popula-
tion dose is very small despite the large population (5 million) exposed. The annual population dose is
shown in Figure 4.14 for the four compliance cases. The dose remains below 0.1 person-rem/yr for all
time in all cases, which is a factor of 5,000 less than the 500 person-rem/yr performance objective.
Therefore, doses through the Columbia River easily meet the perfornance objectives for all time.

Community Well. The community well scenario was formulated to obtain a conservative measure
of the potential population dose from the contamination in the aquifer following grout disposal (see Sec-
tion 3.2.4.1). This scenario uses the entire contaminated groundwater plume to supply 80 people with
water for the garden scenario. No dilution except the mixing to the well screen depth of 4.6 m is
assumed.
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Figure 4.14. Population Dose Versus Time for River Scenario for Compliance Cases

The total population dose is shown as a function of time for the compliance cases in Figure 4.15.
The dose is significantly higher than the dose calculated for the river scenario. However, the doses are
still two orders of magnitude less than the performance objective of 500 person-rem/yr.

4.1.3 Dose Analysis for Intruder Scenario

Section 3.2.4.5 of Chapter 3 describes the intrusion scenarios considered in this perfonnance
assessment. Tables 4.4 and 4.5 provide dose results for acute and chronic exposures for scenarios involv-
ing inadvertent intrusion. Table 4.4 provides the acute dose received by a driller who drills directly
through the grout. Table 4.5 provides the chronic dose to an individual inhabiting the site following drill-
ing. The tables provide the total dose as well as a breakdown of the most important radionuclides and the
primary exposure pathway for that radionuclide. The results are calculated at 100, 300, 500, and
1,000 years after disposal. For the intruder scenarios, the impact decreases significantly with time
because of decay of radionuclides (particularly cesium- 137 and strontium-90) in the waste. Because the
concentrations of radionuclides in the grouted waste will cause doses to intruders in excess of the per-
formance objectives after the 100-year institutional control period, passive controls are incorporated in
the design of the Grout Disposal Facility to wam and deter potential inadvertent intruders. These passive
controls include a minimum 5-m depth to the top of the gout, a riprap cover layer, warning markers, and
monuments, all of which are designed to be effective for at least 500 years. Five hundred years after dis-
posal, the dose received is within the performance objective for both the acute and chronic exposures, and
passive controls to warn and deter intruders are no longer required.
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Figure 4.15. Population Dose for Community Well Scenario Versus Time for Compliance Cases

Table 4A. Impacts for Drilling Intrusion Scenario(a)

Intrusion
Time (yr)

100

300

500

1,000

Total Dose(b)
(mrem)

2,900

37

8.4

7.8

Key Radio-
nuclides

16Sn
2 4 1Am

12 6Sn
241 Amn

126 Sn
241Am

29U

Dose
(%)

100

78
20

2

87
7
4

94
3
2

Primary
Pathway

External

External
External
Ingestion

External
Ingestion
External

External
Ingestion
Ingestion

(a) Supplementary tables showing the results of the full inventory analysis
are included in Appendix P, Section P.7.

(b) Effective Dose Equivalent (EDE). The perfonnance objective is
500 mrem after 500 years
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Table 4.5. Impacts for Post-Drilling Residential Scenario

Intrusion
Time (yr)

100

300

500

1,000

Total Dose(a)
(mrem/yr)

24,000

310

72

Key Radio-
nuclides

137Cs

9Sr

137 Cs
126Sn
241Am

12Sn
241 Am
137Cs

66

Dose
(%)

97
3

77
19
3

82
9
3

89
4
2

Primary
Pathway

External
Ingestion

External
External
Inhalation

External
Inhalation
External

External
Inhalation
Ingestion

(a) Effective Dose Equivalent (EDE). The performance objective is
100 mrem/yr after 500 years.

4.1.4 Results for Other Release Scenarios

This section examines impacts from other release scenarios including radon release, upward diffu-

sion without recharge, catastrophic flooding, and higher recharge.

4.1.4.1 Radon Release

A performance objective of 20 pCi/n 2 - s has been adopted for radon release to the surface (see
Section 1.5.2). Radon is produced within the grout as part of the uranium-238 decay chain (see

Table 3.45).

The small initial inventory of radium-226 causes the initial radon generation rate to be very small.

When initially disposed, the rate of radon generation within the grout distributed across the disposal facil-
ity area (area of 8.944 x 104 m 2) is estimated to be only 0.009 pCi/M2 - s, which is much less than the

perfornance objective of 20 pCi/M 2 - s for release to the surface.

However, the inventory of species higher in the decay chain (especially uranium-234) is expected
to cause ingrowth of radium-226 such that the radon generation increases over time. The predicted total
activities over time are shown in Figure 4.16. Based on the total activity, the rate of radon generation in
Figure 4.17 was calculated. As can be seen in Figure 4.17, the rate of radon generation within the grout

September 1994 4.24



WHC-SD-WM-EE-004, Rev. I

2x105 4x10 6x10 5

Time, yr

8x105

Figure 4.16. Predicted Activity in Grout of Radionuclides in the Uranium-238 Decay Chain

2x105  4X105  6x10 5  8x10 5  1x106

Time, yr
S9303041 68

Figure 4.17. Predicted Rate of Radon-222 Generation in Grout
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exceeds the performance objective for release to the surface of 20 pCi/M2 - s after 4,000 years. There-
fore, the mobility of the radon between the generation point in the grout and the ground surface must be
examined.

The Grout Disposal Facility will provide a barrier to the escape of radon. The radon is generated
within the grout and must escape the grout and engineered system and then diffuse up through the overly-
ing cover material to be released at the surface. Because of the relatively short half-life of radon-222, the
amount of radon actually reaching the surface is expected to be much less than the amount generated
within the grout.

To estimate the radon flux to the surface, the radon was assumed to diffuse out of all sides of the
grout block to a zero concentration boundary at the grout surface. The radon source out of the grout was
then placed at the top of the grout and allowed to diffuse upward through 5 m of dry backfill soil. Param-
eters were selected to be very conservative. Details of the analysis are provided in Section 3.6.4.1. The
diffusion profile penetrates about 100 cm into the grout block. Radon generated deeper in the grout block
will decay without escaping from the grout. Only 12.3% of the radon escaping the grout reaches the top
of the 5-m cover layer.

Based on the treatment described above, the peak radon-222 release from the Grout Disposal
Facility would be about 8 pCi/M2 -s. This amount is less than the performance objective of
20 pCi/m 2 -s. Because of the conservative nature of the treatment in the calculation, further refinement
of the model would undoubtedly reduce the estimate. However, the calculated flux is less than the per-
formance objective and further refinement is not necessary.

4.1.4.2 Upward Diffusion

This case examines the potential impacts if the recharge through the Hanford barrier is zero. With
zero recharge, contaminants may diffuse upward through the soil and contaminate the surface. All prop-
erties in this case were the same as those for the central sensitivity case described in Section 3.6.1, except
the recharge was set to zero. The dose is evaluated using the garden scenario without the drinking-water
pathway. Additional detail is provided in Section 3.6.4.2.

The soil concentrations projected by transport group as a function of time are shown in Figure 4.18.
This figure shows the concentration in the water present in the soil relative to the concentration in the
grout pore solution. The soil moisture content is 4.6 vol%. The concentrations for transport groups 2A,
3C, and 4A exceed the concentration of group lA because of the sorption in the grout. The maximum
possible value for each of these curves is a value of 1.0 since the diffusion of species from the grout to the
upper soil layer is driven by a concentration gradient in the water phase. Therefore, although the contri-
bution to dose from groups 3C and 4A have not yet peaked, the technetium-99 peak is known to be of
greater magnitude in terms of dose than the eventual secondary peak dominated by neptunium-237. The
doses evaluated from the garden scenario are shown in Figure 4.19. As can be seen, the dose increases
steadily up through 162,000 years, where it peaks at about 8 nm/yr. Technetium-99 and tin-126
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Figure 4.18. Relative Soil Concentrations Versus Time for Transport Groups with Zero Recharge
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Figure 4.19. Doses for Garden Scenario Resulting from Upward Diffusion with Zero Recharge
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account for 96% of the total peak dose with iodine-129 and neptunium-237 combining to account for
3.3%. The exposure is dominated by ingestion with external and dust inhalation pathways being orders of
magnitude less. The relative impact of iodine-129 is less than in the groundwater-related garden scenario
because there is not a drinking-water pathway in the upward diffusion garden scenario.

The dose rate of 8 mrem/yr is well below the 25 mrem/yr all-pathways perfornance objective.
Therefore, low recharge does not present a concern in terms of upward diffusion to the soil above the
grout vaults.

4.1.4.3 Catastrophic Flood

This case examines the impact of a catastrophic flood, 50,000 years after disposal, that physically
disturbs and redistributes the grout over the upper 10 m of the Hanford Site. The dose is calculated using
the farm scenario without the drinking-water pathway. Additional details are provided in Section 3.6.4.3.

The dose received in this scenario is 0.41 mrem/yr, which is much less than the 25 mrem/yr maxi-
mum individual performance objective established for the first 10,000 years. The dose is primarily due to
external exposure from tin-126 and its daughter products (53%), and ingestion of technetium-99 (44%).

Other assumptions are possible concerning the area and depth over which the waste is dispersed. If
the waste is dispersed over the 200 Area plateau (78 kM2) to a depth of 4 m, the dose is 19 mrem/yr. This
assumption was made previously in the Hanford Defense Waste Environmental Impact Statement
(HDWEIS; U.S. DOE 1987). Alternatively, if the waste is dispersed over the Pasco Basin (4,850 km 2) to
a depth of 10 m, the dose is only 0.12 mrem/yr. In any case, the doses are below the performance objec-
tive of 25 mrem/yr.

4.1.4.4 Analysis of High Recharge

High recharge at the Hanford Site is not expected. Even without the presence of the Hanford bar-
rier, the average recharge is expected to be only 0.1 cm/yr. However, it is possible that over the time
frames being analyzed, significant changes in climate could occur. To evaluate the effect on the results of
higher recharge, a case using a recharge rate of 5 cm/yr was simulated (see Section 3.6.4.4). Because this
case does not represent an expected condition, the results are not compared to performance objectives.
The 5-cm/yr recharge is applied from the beginning of the simulation. However, it is expected that the
time required for such a climate change to occur would be thousands or tens of thousands of years. Thus,
applying the recharge initially is conservative from a time-of-arrival standpoint.

The dose as a function of time for Case 1.4 is shown in Figure 4.20. Prior to 5,000 years, the dose
is less than 0.1 mrem/yr. At 5,000 and 5,150 years, several changes occur in the model to simulate the
staged degradation of the engineered system. The hydraulic conductivities of the asphalt barrier, con-
crete, and grout increase substantially and the moisture retention properties of the concrete are changed to
those of backfill soil. The dose rises very quickly to a peak of 16 mrem/yr at 5,670 years. The high

September 1994 4.28



WHC -SD-WM-EE-004, Rev. I

102

10i

Time After Disposal, yr

Figure 4.20. Estimated Dose in the Farm Scenario Versus Time for a Staged Degradation of the
Engineered System (Case 1.4) with Recharge Rate of 5 cm/yr. Simulation experienced a
mass balance error higher than normally experienced (see Appendix P).

recharge greatly reduces the travel time through the vadose zone so that increases in the dose are more
closely associated with the time of the changes in the engineered system. As staged degradation contin-
ues, the dose declines slightly and then reaches its maximum peak of 21 mrem/yr at 48,400 years. This
peak is caused by the final increases in the hydraulic conductivity of the asphalt barrier and concrete
vault, which occur at 40,000 years.

In simulating the increased recharge, a mass balance problem was detected that, to date, has not
been identified and corrected. However, it is known that the mass balance problem occurs in the vadose
zone. Appendix P provides discussion of the mass balance errors along with additional plots of interme-
diate results.

4.2 Sensitivity and Uncertainty Analysis

This section presents information concerning the uncertainties and sensitivities in the results.
Sensitivities to parameters used in the analyses of the engineered system and vadose zone and in the
groundwater analyses are examined. Sensitivities to dosimetry and inventory uncertainties are also
addressed.
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4.2.1 Engineered System and Vadose Zone

This section addresses sensitivities and uncertainties in the modeling of flow and transport through
the engineered disposal system and the vadose zone. The sensitivity of the results is examined using a
central sensitivity case, several design cases, and numerous sensitivity cases. The central sensitivity case
is used as a common point of comparison against which other cases are compared. The central sensitivity
case is much simpler than the compliance case simulations, which are used for comparison to perform-
ance objectives. The central sensitivity case includes cracks that are initially present in the asphalt barrier
and concrete and includes biodegradation of the asphalt barner over time. However, the extent of
property changes over time is simplified compared to the compliance cases.

4.2.1.1 Centra-Sensitivitv Case SimIItionr

The central sensitivity case (Case 2.0) is used in this performance assessment as a central point for
comparison of design and sensitivity cases. Sections 3.6.1 and 3.6.5.1 provide a complete description of
the central sensitivity case.

A plot of the fractional release by transport group for the four most important transport groups for
groundwater-related scenarios is shown in Figure 4.21. These transport groups (with the key radionuclide
for each) are group IA, iodine-129; group 2A, technetium-99; group 3C, neptunium-237; and group 4A,
uranium-238. This figure is not species specific and therefore does not include the inventory of the indi-
vidual species or the effects of radioactive decay. It illustrates the fraction of the inventory released to the
aquifer in a given year for the set of transport properties associated with the group. This information is
then combined with the site recharge; the mixing at the well intercept; exposure scenario assumptions;
and the inventory, half-life, and dose factors for each radionuclide to calculate the dose for each exposure
scenario (see Section 3.5.1). The central sensitivity case and the associated design and sensitivity cases
are not considered for comparison to performance objectives because they do not incorporate a complete
representation of gradual or staged degradation and the influence of degradation on flow and transport.
However, to provide a common point of comparison, the dose for the fann scenario has been calculated
for each case. A plot of the estimated dose for the farm scenario for the central sensitivity case is pro-
vided in Figure 4.22.

The dose is negligible until after 2,000 years. The 2,000-year delay in arrival is primarily due to
the time required for advection through the vadose zone to the aquifer. To simplify modeling, the cracks
are modeled as being present at the beginning of the simulation. Therefore, the 2,000-year delay does not
include any period of intact performance of the engineered system. A delay for the travel time through
the saturated zone to the well is included but is negligible relative to the travel time in the vadose zone.

The farm scenario dose rises between 2,000 and 10,000 years and reaches a plateau of 3.0 mrem/yr
at 20,000 years, primarily from the iodine-129 and technetiurn-99. The plateau is maintained until
90,000 years, at which time the asphalt barrier is assumed to complete degradation and is assigned the
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Figure 4.21. Fractional Release by Group Versus Time for Central Sensitivity Case (Case 2.0). Most
important radionuclides in transport groups: iodine-129, group IA; technetium-99, group
2A; neptunium-237, group 3C; and uranium-238, group 4A.

properties of backfill soil. Between 90,000 and 100,000 years, the dose rises to a new maximum of
17.3 mrem/yr. The dose from technetium-99 and iodine-129 drops off over the next 100,000 to
200,000 years due to depletion of the inventory of these species. Meanwhile, the dose from
neptunium-237 is increasing and supporting a declining plateau of about 4 mrem/yr. The substantial
delay in the neptunium-237 peak is due to the sorption in the soil. The release of species in transport
group 4A is controlled by the strong sorption in the grout. When the barrier degrades at 90,000 years, the
release quickly reaches a stable plateau. However, group 4A contributes less than 0.2% of the total dose
at the peak (primarily from uranium isotopes). Modeling was halted at 660,000 years.

To confirm that the radionuclides in transport groups 2B, 3A, and 4D do not contribute signifi-
cantly to dose, these groups were simulated for the central sensitivity case and compared to the results
presented above. The fractiona release curves are shown in Figure 4.23. The maximum dose contribu-
tion from species in these transport groups was approximately 0.02 mrem/yr. Group 4D was still increas-
ing at 600,000 years, so modeling was continued up to I million years. The dose has peaked at this point
at a plateau of about 0.001 mrem/yr. Because of the sorption in the grout and soil, grout is an excellent
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Figure 4.22. Farm Scenario Dose Versus Time for Central Sensitivity Case

waste form for transport group 4D radionuclides (plutonium, thorium-230, and americium-241). Because
of the minor impacts of the species in transport groups 2B, 3A, and 4D, nearly all of the sensitivity cases
have been analyzed using only transport groups IA, 2B, 3C. and 4A to reduce the amount of computation

required.

The moisture contents in the vadose zone for the central sensitivity case at 10,000 years are shown
in Figure 4.24A. The moisture contents are similar between the central sensitivity case (Case 2.0) and
Case 1.0, as can be seen by comparing Figures 4.24A and 4.. The moisture contents in the concrete are
higher in Figure 4.24A because the water retention properties of the concrete are changed to those of
backfill soil at 5,150 years in Case 1.0 to simulate degradation. By 10,000 years, the moisture has
drained from the concrete into the underlying sediments. In addition, the moisture contents beneath the
vault are slightly lower in Figure 4.24A because of the degraded properties of the grout, concrete, and
asphalt barrier in Case 1.0.

Figure 4.24B provides an expanded view of the top portion of the vault at 1,000 years. At this
time, the moisture contents are nearly steady and the degradation of the asphalt barrier is not yet signifi-
cant. The contours on top of the vault do not appear to be disrupted, a condition that would be visible if
perched water were forming. Therefore, it is concluded that there is not a tendency for water to perch on
top of the vault as might happen with disposal in a wetter climate.
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Figure 4.23. Fractional Release Curves for Less important Transport Groups

Figure 4.25 provides the relative concentration contours for iodine-129 at 10,000 years. The model
does not include any sorption of iodine-129 in the engineered system, vadose zone, or saturated zone.
Figure 4.25 indicates an advective-dominated transport in the vadose zone. The concentration profiles do
not penetrate to any degree above the vault. Inside the vault it appears that the contaminant has reached a
fairly uniform concentration with the majority of the concentration gradient occurring across the asphalt
barrier. Depletion of the grout inventory is primarily at the top corners where cracks have been assumed
to occur. Advective flow in the grout causes release in the lower cracks, resulting in less depletion of the
grout concentration near these cracks. Some distortion of the contours can be seen between the backfill
and the Hanford formation sandy sequence (aligned with the bottom of the vault), but there is little
change in the contours between the Hanford sandy sequence and the lower gravel sequence.

The release of contaminants in the central sensitivity case is much more controlled by the release
from the cracks, while much of the release in the compliance cases occurs directly through the bottom of
the engineered system because of the assumed degradation. This difference in release location can be
seen by comparing the concentration contours beneath the vault in Figures 4.25 and 4.4.
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4.2.1.2 Design Cases for Engineered System

Design cases were simulated to determine the relative importance of various features of the disposal
system. The calculations were performed using the PORFLOW code and the same grid and material
properties as in the central sensitivity case (see Section 3.5.2 for a description of PORFLOW). Problems
similar to the design cases have been analyzed previously using highly simplified models. However,
these problems are analyzed again here using a level of sophistication equivalent to the central sensitivity
case to provide a comparison. The design cases consist of a series of simulations, each with features of
the disposal system either present or not present in the model. When compared to the central sensitivity
case, these cases provide insight into the value of the barriers and an understanding of which features are
important in the system.

The design cases indicate that, despite the assumption of cracking at the top and bottom corners, the
concrete vault and asphalt barrier both play important roles in reducing the initial release of mobile spe-
cies from the grout. In addition, the gravel layer over the top of the cracked asphalt barrier and concrete
vault greatly reduces the initial release by reducing flow through the cracks. The presence of the RCRA
cover has no beneficial effect on the performance of the system. Additional detail on the design cases is
provided in the remainder of this section.

The design cases are described in Section 3.6.5.2. TIhe calculated farm scenario doses for the
design cases are plotted in Figure 4.26 to provide a comparison among cases. However, because these
cases do not represent expected conditions, a comparison to performance objectives is not appropriate.
For example, the dose estimated for grout placed directly in the backfill soil is important from the stand-
point of understanding the contribution of barriers around the grout, but does not represent an expected
condition for the vaults. The simulation including only grout (Case 2.IA) reaches a peak of 64 mrem/yr
after 8,500 years. When the concrete vault, gravel layer, and RCRA cover are added to the model
(Case 2.1 B), the dose at the peak is reduced to 32.4 mrem/yr and the peak is delayed until 11,800 years.
If the gravel is removed from the problem and the asphalt barrier is added (Case 2.IC), the dose is
reduced to 22.8 mrem/yr and the time of the peak dose is not changed. As noted in Section 3.6.5.2, the
initial conditions in Case 2.1C were slightly different than they were in the other design cases. The initial
moisture content in the backfill soil in Case 2.1C was 10 vol% and the initial pressure head in the grout
was -75 cm, rather than 5.6 vol% moisture and -338 cm as in the other design cases. Because of the ini-
tial conditions, there is some increase in the initial release and transport. This increase may contribute to
the slightly earlier arrival time for Case 2.1 C as seen in Figure 4.26. The peak dose does not occur until
11,800 years, so the timing and magnitude of the peak should be less affected by the initial conditions
than is the arrival time. Because the design cases do not consider water vapor diffusion, the beneficial
effect of the asphalt barrier in reducing water vapor diffusion is not included in Figure 4.26. Also, note
that the beneficial effect of an intact asphalt barrier is greatl y reduced by the assumption of cracking of
the barrier in line with cracks in the concrete. The asphalt harrier has some beneficial effect by reducing
ionic diffusion and advection through the intact concrete but has little effect on the cracks because it is
assumed to be cracked at the same locations as the concrete. When both the gravel layer and the asphalt
barrier are present, the release is decreased substantially compared to only one of the two components
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Figure 4.26. Farm Scenario Doses for Design Cases. The cases shown include the following:
Case 2.1A, grout placed in backfill soil; Case 2.1B, grout placed in a concrete vault without
the asphalt barrier but with a gravel layer and RCRA cover Case 2. 1C, grout in a vault
with an asphalt barrier and RCRA cover but no gravel layer, Case 2. ID, grout in a vault
with an asphalt barrier and gravel layer but without a RCRA cover, Case 2.0, grout in a
vault with an asphalt barrier, gravel layer, and RCRA cover. Case 2. ID and Case 2.0
coincide on plot.

alone. This can be seen by comparing Case 2. ID (both gravel and asphalt barrier) to Case 2. lB (gravel
layer) and Case 2.1 C (asphalt barrier). The presence of the gravel over the cracks in the top of the diffu-
sion barrier reduces the amount of advection occurring through these cracks. The dose is reduced to
3.1 mrem/yr and the peak is delayed to 22,000 years. Finally, the RCRA cover is unimportant at
0.1 -cm/yr recharge and reduces the dose by less than 2% (compare Case 2.0 and Case 2.1 D).

4.2.1.3 Sensitivity Cases for Engineered System

The sensitivity cases described in Section 3.6.5.3 were simulated to determine the importance of the
material properties assigned in the central sensitivity case simulation. The sensitivity cases are derived
from the central sensitivity case. However, the qualitative conclusions about the importance of various
parameters also apply qualitatively to the compliance cases. The results of the sensitivity cases provide
the conclusions listed below.

September 1994

10 2

E

0
EI

10

100

s01TO-TAL WK
- Casa 2.0 - Central Sensitivity

Case 2.1 A - Grout in Soil
......--. 'Case 2 1B - Grout in Vault ,.

Case 2 1 C - Wit h Barrier
- - - -- Case 2.1D With Gravel

i

10-1
102 105 106

S9303041 60

10 3

4.38



WHC SD-WM-EE-004, Rev. I

Sensitivity Case Conclusions. Grout - The sorption of technetium-99 in the grout provides more
than a factor of two reduction in the peak dose prior to asphalt barrier degradation because of the separa-
tion of the arrival of iodine- 129 and technetium-99. The system is only moderately sensitive to increases
in the saturated hydraulic conductivity of the grout. The release is sensitive to reductions in grout satu-
rated hydraulic conductivity only after the asphalt barrier is assumed to degrade. The results are not sensi-
tive to reductions in the grout diffusivity or initial condition in the grout.

Asphalt - The simulation is moderately sensitive to allowing advection within the asphalt barrier
region. Doubling the biodegradation rate results in barrier degradation and the associated peak dose
occurring 45,000 years earlier, but the peak dose is only slightly higher. Assumptions about porosity in
the asphalt barrier as the barrier degrades have little impact on the results.

Cracking - The simulation results are very sensitive 10 the assumptions about cracking used for the
grout and concrete. Elimination of all cracking, or elimination of either the top cracks or the bottom
cracks, substantially reduces the release from the system prior to asphalt barrier degradation. Using the
hydraulic properties of gravel in the cracks rather than those of backfill soil also significantly reduces the
impact of cracking. Changes in the size and location of cracks also impact the results.

RCRA Cover - The RCRA cover has little or no effect on the transport of contaminants from the
engineered system to the aquifer for a 0. 1-cm/yr recharge. Even at 5-cm/yr recharge the effect is small,
because the RCRA cover transmits water at a rate up to its saturated hydraulic conductivity (3.16 cm/yr).

Vapor Return - Inclusion of a water source to simulate vapor diffusion into cracks near the upper
regions of the vault produces a moderate increase in the dose.

Vadose Zone - The primary sensitivities of the simulation to the presence of the vadose zone are
listed below:

1. The vadose zone provides a substantial delay of the initial arrival of contaminants at the
aquifer.

2. The impacts from sudden changes introduced in the engineered system to simulate degrada-
tion are smoothed prior to contaminants reaching the aquifer. (In reality, these changes
would probably be gradual anyway.)

3. The sorption of neptunium-237 in the soil produces a significant delay that prevents
neptunium-237 from arriving at the aquifer at the same time as technetium-99 and
iodine-129.

Additional Sensitivity Case Details. This section provides additional supporting details for the
conclusions listed above.
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Grout. The farm scenario doses for sensitivity cases involving grout parameters are plotted
together in Figure 4.27. The central sensitivity case (Case 2.0) is included for comparison. Case 2.2A
illustrates the sensitivity of the results to the sorption of technetium-99 in the grout. Eliminating the sorp-
tion of technetium-99 causes this radionuclide to arrive simultaneously with the iodine-129. The simul-
taneous arrival of technetium-99 and iodine-129 increases doses at the first peak from 3.0 to 8.1 mrem/yr.
When the barrier degrades at 90,000 years, the peak is increased from 17 to 26 mrem/yr but then drops
off more rapidly because of the simultaneous depletion of iodine-129 and technetium-99.

The effect of increasing the saturated hydraulic conductivity of the grout by a factor of 100 is
shown by Case 2.2B. The dose on the first peak increases from 3.0 to 4.3 mrem/yr and the peak after
asphalt barrier degradation increases from 17 to 21 mrem/yr. Decreasing the saturated hydraulic conduc-
tivity by a factor of 10 (Case 2.2C) results in only a small reduction of the first peak from 3.0 to
2.8 mrem/yr because other features in the system are restricting flow through the engineered system.
However, the dose at the 100,000-year peak after the asphalt barrier degrades is reduced from 17 to
I I mrem/yr.
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Figure 4.27. Sensitivity of Results to Assumptions Involving Grout. Cases included are Case 2.2A, no
sorption of technetium-99 in the grout; Case 2.2B, factor of 100 increase in grout hydraulic
conductivity; Case 2.2C, factor of 10 decrease in grout hydraulic conductivity; Case 2.3D,
factor of 100 increase in grout diffusivity; Case 2.3E. initial condition for pressure in grout
of -5,000 cm rather than -338 cm. Doses calculated using the farm scenario.
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The dose result is not very sensitive to a two order-of-magnitude reduction in the diffusion coeffi-
cient for all radionuclides (Case 2.2D). A reduction in the diffusivity produces a small, counter-intuitive
increase in doses both at the first peak (3.2 versus 3.0 mrem/yr) and second peak (19 versus 17 mrem/yr).
The reason for the increase is that the release is controlled by advection and the higher diffusion coeffi-
cient allows more diffusion into the concrete regions where the hydraulic conductivities are lower.
Appendix P provides additional detail.

Case 2.2E shows the effect of changing the initial pressure head of the grout from -338 cm to
-5,000 cm. The impact of the initial condition of the grout is to delay the time of arrival of contaminants
at the aquifer by about 2,000 years. The eventual peak impacts are not affected (first peak 2.96 versus
3.00 mrem/yr for the central sensitivity case).

Asphalt. Sensitivity cases involving the asphalt barrier are compared using the farm scenario dose
in Figure 4.28. Sensitivity Case 2.3A examines the importance of flow within the asphalt barrier
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Figure 4.28. Sensitivity of Results to Assumptions Involving Asphalt Barrier. Cases included are
Case 2.3 A, asphalt barrier given a saturated hydraulic conductivity of I x 10-11 and con-
crete water retention properties; Case 2.3B, asphalt biodegradation rate doubled;
Cases 2.3C/2.3D, effect of porosity in degrading barrier (comparable only to each other);
Case 2.0, central sensitivity case simulation. Doses calculated using the farm scenario.
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by modeling the asphalt barrier with the water retention properties of concrete and a saturated hydraulic

conductivity of 1 x 10-1 cm/s. The value for saturated hydraulic conductivity is conservatively high
based on nitrogen permeability measurements without correction for viscosity or surface properties. By
comparison, the central sensitivity case used a value of I x 10-20 cm/s, which was intentionally selected to
prevent advection within the barrier region. As can be seen in the figure, the presence of flow within the

asphalt barrier causes an increase in the release before the asphalt barrier degrades.

Case 2.3B examines the effect of doubling the biodegradation rate from 1 cm/1,000 yr to
2 cm/I,000 yr. The accelerated biodegradation causes the peak normally seen at about 100,000 years to
arrive at 55,000 years and reach a slightly higher peak (23 versus 17 mrem/yr). The increase is due to the

lower inventory depletion when the barrier degrades.

Case 2.3C and 2.3D examine the effect of the porosity assigned to the diffusion barrier. These
cases model I-mm cracks in the asphalt barrier on I-m spacing and do not have major discrete cracks in
the concrete or asphalt barrier. Because of these differences and others, Cases 2.3C and 2.3D should not
be compared to the central sensitivity case. The two cases are identical except for the porosity assigned to

the asphalt barrier. Case 2.3D uses a porosity of 0.202, corresponding to the maximum air void fraction
of the barrier plus the volume fraction asphalt. Case 2.3C uses a porosity of 0.04, corresponding to the
maximum air void content for the barrier. The results indicate that, for this case, the use of 0.04 is only

slightly more conservative, but that this parameter makes little difference. The simulations were calcu-

lated for only 25,000 years to reduce the computational time required.

Cracking. A number of sensitivity cases were performed to determine the sensitivity to various

assumptions about cracking. A plot of the doses for the farm scenario, calculated for the various cases, is
provided in Figure 4.29. The central sensitivity case (Case 2.0) is plotted as well for comparison. All of
the alternate cracking assumptions examined resulted in lower doses prior to complete biodegradation of
the asphalt barrier than in the central sensitivity case.

Case 2.4A examined a different cracking configuration The cracks in the top comers of the asphalt
barrier are aligned with the top of the concrete vault rather than the top of the grout. The cracks in the
asphalt barrier are I-cm wide at the top and 0.5-cm wide at the base of the vault. The concrete roof of the
vault contains roof plant joints (0.2 cm/m) and the sides of the vault contain four construction joint cracks
(0.1- to 0.85-cm wide). Case 2.4B is similar to 2.4A, except the cracks in the asphalt barrier are larger.
The cracks at the top comers of the asphalt barrier are 18.9- to 21.3-cm wide and the cracks at the base of
the vault are 10-cm wide. In both cases the concrete roof was given the water retention properties of
backfill soil to avoid numerical difficulties that would have greatly extended the simulation time. Based
on Cases 2.4A and 2.4B, it is concluded that cracks in the barrier that are not aligned with cracks in the
concrete (and hence do not expose the grout) have a significantly lower impact. The differences in
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Figure 4.29. Farm Scenario Dose for Sensitivity Cases involving Cracking Assumptions. Cases
included are Case 2.4E, cracks in upper comers only; Case 2AD, cracks at lower comers
only; Case 2.4C, gravel properties used in cracks; Case 2.4B, alternate cracking configura-
tion; Case 2.4A, alternate crack configuration with small cracks; Case 2.4F, no cracking in
asphalt barrier or concrete.

the doses between Cases 2.4A and 2.4B are believed to be due to the differences in convergence criteria
specified for solving the problem. The crack size is not thought to be a sensitive parameter.

Case 2.4E investigates the sensitivity to the crack in the asphalt barrier at the bottom comer of the
vault. All parameters are the same as in the central sensitivity case except that the crack in the asphalt
barrier at the base of the vault is eliminated. The dose does not increase above 0.001 mrem/yr for over
5,000 years. The added delay compared to the central sensitivity case occurs because the cracks near the
upper comers expose the noncontaminated grout rather than contaminated grout. By eliminating the
lower crack (which directly exposes contaminated grout), the arrival time is shifted by about 3,000 years.
The dose then increases steadily but remains below I mrem/yr until the barrier completely degrades at
90,000 years. The peak dose, obtained when the asphalt barrier degrades, is 19 mrem/yr, which is slightly
more than the 17 mrem/yr in the central sensitivity case. This difference is due to less depletion of the
inventory. The final plateau from the neptunium-237 is virtually unaffected by the change in assumption.
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Although the initial arrival in this case is sooner,(') the performance is very similar to the sensitivity
case without cracking (Case 2.4F). This case indicates that the impact of cracking (neglecting water

vapor return) is very minor if there is not an advection pathway both into and out of the grout.

Case 2.4D includes cracks at the lower corners of the system but eliminates the cracks at the upper
corners. Compared to the central sensitivity case, the dose curve starts at about the same time but
increases more slowly, not exceeding 0.1 mrem/yr until approximately 10,000 years. After the barrier
degrades, the peak dose is higher than that for the central sensitivity case because the extent of inventory
depletion is less prior to barrier degradation. Comparing Cases 2.4D and 2.4E indicates that the lower
crack is a more important contributor to release than is an upper crack. This may be because the lower
crack directly exposes contaminated grout while the upper cracks expose the cold grout cap.

Case 2.4C used the hydraulic properties of gravel to represent the cracks in the asphalt barrier
rather than those of backfill soil. In the central sensitivity case, hydraulic properties for backfill soil were
selected to prevent the hydraulic properties for cracks frm limiting release. In reality, cracks probably
will not fill with soil. Cracks in the top of the vault will be covered by the gravel layer, which will pre-
vent infiltration. Horizontal cracks and cracks in the bottom barrier are not expected to fill with soil. As
crack surfaces in the barrier degrade, an asphalt-deficient region filled with the barrier aggregate will be
created. If any of the organic material remains, the aggregate may have little affinity for water. In this
case the hydraulic properties of the crack may be more like tiose of a gravel than those of a backfill soil.
The initial arrival time obtained using gravel properties is about the same as in the central sensitivity case.
However, the dose levels off at approximately 0.6 mren/yr until just before the asphalt barrier degrades at
90,000 years. After the asphalt barrier degrades, the impact is increased from 17 to 21 mrem/yr because
of the lesser extent of inventory depletion. This case demonstrates that the hydraulic properties associ-
ated with cracks can significantly affect release while the remainder of the barrier is intact.

Case 2.4F is the same as the central sensitivity case except that cracking of the asphalt barrier and
concrete is not included. Cracks were included in the central sensilivity case because of the difficulty in
defending long-term integrity of the engineered system. Although it is possible that cracking of the
asphalt barrier will be minor and that cracks may heal since the system is in compression at all times, this
possibility is difficult to rigorously support for an indefinite period of time. This case provides insight
into the role of cracks in the performance of the system. The dose remains below 0.01 mrem/yr until
25,000 years and below 0. I mrem/yr until 55,000 years. The dose then increases as the barrier is thinned

(a) The earlier arrival observed in Case 2.4E is not apparent because of the scale of the graph.
However, at 1.1 x 104 years, the dose in Case 2.4E is 1.1 x 10-2 mrem/yr, while Case 2.4F is
only 3.9 x 104 mrem/yr.
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by biodegradation and increases sharply after complete biodegradation of the barrier to a peak of
20 mrem/yr. This peak dose is greater than the 17 mrem/yr in the central sensitivity case because of the
lower extent of inventory depletion.

Case 2.4F illustrates the extreme sensitivity of the system to the assumption of cracks in the asphalt
barrier. If assumed to be functioning as designed, the asphalt barrier prevents advection, resulting in a
diffusion-controlled release. In this case the barrier is extremely effective in limiting the release to very
low levels for an extended period. The absence of cracks in the concrete had some effect but its effect
was not nearly as dramatic as the effect of the barrier.

RCRA Cover and Recharge Rate. Figure 4.30 shows the farm scenario dose for sensitivity cases
involving the RCRA cover and the rate of recharge. When the recharge rate is 0.1 cm/yr, the effect of the
RCRA cover can be seen by comparing Case 2.5C, which does not contain the RCRA cover, to the cen-
tral sensitivity case (Case 2.0). As can be seen, the RCRA cover has no impact on the results at a
recharge rate of 0.1 cm/yr. At a recharge rate of 5 cm/yr, the effect of the RCRA cover can he seen by
comparing Cases 2.5B, which has the RCRA cover, and Case 2.5A, which does not. With a recharge rate
of 5 cm/yr, the RCRA cover has some beneficial, but minor, effect. The effect of the recharge rate can be
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Figure 4.30. Farm Scenario Dose for Sensitivity Cases Involving the RCRA Cover. Cases included are
Case 2.5B, 5-cm/yr recharge with RCRA cover Case 2.5C, 0.1-cm/yr recharge without
RCRA cover Case 2.5A, 5-cm/yr recharge without RCRA cover Case 2.0, central
sensitivity case (0.1 cm/yr recharge with RCRA cover). Case 2.5C and Case 2.0 coincide
in the plot.
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seen by comparing Case 2.5B to Case 2.0. The higher recharge rate results in a much earlier arrival and a

higher maximum dose prior to complete degradation of the asphalt barrier. One key element in this sensi-
tivity is that the barrier and concrete are cracked at both the top and bottom corner as described in Sec-
tion 3.6.5.1 for the central sensitivity case. In the compliance cases, the large crack at the bottom corner

was not included. This crack allows a flow path through the system and increases the impact of high
recharge.

Water Vapor Diffusion. Water vapor diffusion through an intact asphalt barrier can be shown to be
unimportant relative to the performance objectives using very simple calculations (see Appendix L).
However, cracks in the asphalt barrier may contribute to significant increases in the rate of water vapor
diffusion through the barrier. To determine the significance of water vapor diffusion, the central sensi-
tivity case was run with a water source of approximately 0. 12 L/yr per meter of vault introduced into each
of the six cracks in the barrier. The additional moisture was introduced uniformly within the nodes repre-

senting the crack through the concrete. The resulting doses are compared to the central sensitivity case in
Figure 4.31. As can be seen in the figure, the addition of water vapor diffusion results in a small increase
in dose. The simulation for Case 2.6A was halted at 90,000 years.
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Figure 4.31. Comparison of Farm Scenario Doses Calculated for the Central Sensitivity Case with
(Case 2.6A) and Without (Case 2.0) a Vapor Diffusion Water Source
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This simulation experienced a mass balance error of approximately 10% (mass increase). This
error is greater than that for cases which did not include water vapor return. Appendix P provides greater
detail on the mass balance error.

Vadose Zone. Case 2.6B was designed to determine the effect of the vadose zone on the simula-

tion results. During execution of the central sensitivity case, a line was defined horizontally across the

problem domain, passing between the bottom of the asphalt barrier and the soil. The flux of contaminant
crossing this line as a function of time was recorded. The contaminant was then immediately placed in
the aquifer. This case eliminates the effects of the vadose zone on the transport of contaminants from the
exterior of the engineered system to the aquifer. However, the vadose zone is still active in the problem

and affects liquid fluxes and concentration gradients that have an influence on the release from the engi-
neered system.

Figure 4.32 provides a comparison of the farm dose calculated for Case 2.6B to that calculated for
the central sensitivity case. The most striking difference is that the initial dose occurs very early,
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Figure 4.32. Comparison of Farm Scenario Doses for Case 2.6B (vadose zone eliminated) and
Case 2.0 (central sensitivity case)
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reaching 0.002 mrem/yr after only 7 years. The dose begins forming a plateau after only about 1,000
years, reaching a maximum of 3.6 mrem/yr at 10,000 years. This level is slightly greater than the maxi-
mum for the central sensitivity case plateau of 3.0 mrem/yr. The peak obtained when the barrier degrades
is much sharper than in the central sensitivity case. The dose reaches a value of 274 mrem/yr and falls
back to 23 mrem/yr over the next 15,000 years. This peak is considerably higher than the 17.3 mrem/yr
in the central sensitivity case. The difference is due to the absence of any smoothing on the instantaneous
change when the barrier degradation is completed. In addition, the neptunium-237 is contributing to the
peak that is normally dominated by iodine-129 and technetium-99. From this peak the dose declines over
time, reaching 6.8 mrem/yr at 540,000 years.

From this case it can be seen that the primary effect of the unsaturated zone is to delay the initial
arrival of contaminants at the well. In addition, the vadose zone provides some smoothing of the sudden
spike that occurs following the complete degradation of the asphalt barrier, and also separates the arrival
of the neptunium-237 from the iodine-129 and technetium-99. The sharpness of this peak is somewhat
artificial since the completion of asphalt barrier degradation would not be expected to occur simultane-
ously at all locations on one vault or between different vaults in a field.

4.2.2 Uncertainties in Groundwater Transport

The approach to uncertainties in groundwater transport calculations is discussed in Section 3.6.5.4.
The groundwater model and the resulting well intercept factor have been examined for sensitivity to three
factors: 1) recharge rate, 2) pumping rate, and 3) number of vaults. Values of the well intercept factor
are shown in Table 4.6 for variations of these parameters. The first two parameters, recharge and

Table 4.6. Well Intercept Factors as a Function of Recharge, Pumping Rate, and Number of Vaults

Recharge (R) Number of Vaults

Q(Pump) (QW) 33 4 1

R = 0.1 cm/yr 0.010 0.00253 0.00148
Q, = 0

R = 0.1 cm/yr 0.00308 0.000731 0.0000867
QW = 45 m 3/d

R = 5 cm/yr 0.415 0.256 0.0526
QW = 0

R = 5 cm/yr 0.105 0.0364 0.00433
QW = 45 m3/d
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pumping rates, affect groundwater flow. The recharge rate applied to the surface of the site affects flow
at the scale of the site while the pumping rate affects the aquifer only in the immediate vicinity of the
well. The third parameter, number of vaults, actually involves the inventory and surface area associated
with 33, 4 and I vaults for disposal, and the orientation of the vaults to the groundwater flow.

Variations in the well intercept factor as a result of varying recharge and pumping rates are a func-
tion of the volume of contaminated water infiltrating through the Grout Disposal Facility, the direction
and magnitude of groundwater flow, and the orientation of the Grout Disposal Facility boundary to the
flow field. The background or natural recharge rate case, including a 0.1 -cm/yr recharge at the Grout
Disposal Facility, produced a west-to-east groundwater flow beneath the Grout Disposal Facility (see Sec-
tion 3.4.4). The higher recharge rate case, based on a 5-cm/yr increment everywhere across the Hanford
Site, produced a general northeasterly flow beneath the Grout Disposal Facility; the groundwater then
flows to the east upon encountering Gable Mountain. Because the groundwater is in the vicinity of Gable
Mountain and the flow field turning toward the east, the average groundwater hydraulic gradient and
velocity are both lower in the high recharge case than in the low recharge case (see Section 3.4.4). Com-
pared to the background or natural recharge cases, the higher recharge rate cases all exhibit less mixing
with uncontaminated water in the well. This is a direct result of the greater amount of recharge through
the Grout Disposal Facility becoming a substantial source of water making up the flux of groundwater in
the upper portion of the unconfined aquifer that is drawn to the partially penetrating groundwater well.
When compared to the low pumping rate well, the pumping of a well at 45 m3/d creates somewhat higher
groundwater flux in the aquifer at the boundary of the site for each of the recharge cases. Two additional
recharge rate cases were simulated to evaluate the potential influence of irrigated agriculture on the thick-
ness of the unsaturated zone and the well intercept factor. The results of these cases are compared to the
natural recharge and 5-cm/yr incremental recharge in Appendix P.

A different rectangular land area is associated with each of the three vault configurations examined,
and the orientation (i.e., longitudinal axis orientation to north-south) of the land area varies from east-
west in the 33- and 1-vault cases to north-south in the 4-vault case. Surface area is used to calculate the
flux of water through the portion of the Grout Disposal Facility associated with the vaults. The land area
associated with different cases is not linearly related to the number of vaults because of the layout of the
vaults within the Grout Disposal Facility. Orientation plays a role in defining the cross-section of the
aquifer associated with the Grout Disposal Facility, i.e., orthogonal to the direction of groundwater flow.

Taken together the variability in disposal site area and orientation, and in groundwater flow field,
produces a nonlinear response in the well intercept factor. While the response is not linear, in all cases of
recharge and pumping rate the trend is for increased mixing (smaller well intercept factor) with a decrease
in the number of vaults. All analyses reported in the performance assessment are based on a 33-vault
configuration. Most are based on background or natural recharge, denoted in Table 4.6 as R = 0.1 cm/y.
These analyses use the well intercept factors of 0.010 and 0.00308 for low groundwater pumping (drink-
ing water and irrigated garden) and high groundwater pumping (irrigated 2-hectare farm) scenarios. The
higher recharge cases have used the 0.415 and 0.105 well intercept factors, respectively. Table 4.6
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reveals that reducing the number of vaults does not produce proportional decreases in the well intercept
factor. Reducing from 33 to 4 vaults produces about a factor of 4 reduction in the well intercept factor for

the 0.1 cm/yr recharge case, and only a factor of 1.6 to 3 reduction for the 5-cm/yr recharge case. This

difference is a result of the different orientations of the 33- and 4-vault layouts. Reducing the number of
vaults from 33 to 1 produces only a factor of 7 change in the low pumping rate cases, but a factor of 20 to
30 improvement in the high pumping rate cases. The factor of 7 improvement is due to both the contami-
nated infiltration and the groundwater flux being reduced in the single vault scenario.

4.2.3 Groundwater Pathway Dosimetry

A sensitivity analysis was performed for dosimetry parameters in the irrigated farm, irrigated

garden, and river scenarios to determine the influence of these parameters and their associated uncer-

tainties on the dose estimates (see Section 3.6.5.5). In the irrigated farm scenario, the sensitivity analysis
was conducted separately for each radionuclide that contributes significantly to the total individual dose,
including iodine-129, technetium-99, neptunium-237, tin-126, cesium-135, and selenium-79. Detailed
results of the dosimetry sensitivity analysis are presented in Appendix N. For all radionuclides except
tin- 126, the drinking-water consumption rate controlled the total dose uncertainty. Parameters related to
animal product ingestion pathways (pasture irrigation rates and consumption of beef and milk) dominated
the uncertainty for tin-126, and also contributed significantly to the total uncertainties in dose for the
other radionuclides. These parameters accounted for 68% to 89% of the total uncertainty in the effective
dose equivalent.

Uncertainty in the irrigated garden scenario was also dominated by the drinking-water consumption
rate. This pathway accounted for essentially all of the uncertainty associated with iodine-129,
selenium-79, cesium-135, and neptunium-237. and it was the major contributor (greater than 70%) for all
other radionuclides. The only other parameters that contributed to total uncertainty for individual radio-
nuclides were consumption of root vegetables for technetium-99 (5%), parameters related to external
exposure from contaminated soil for tin- 126 (25%), and parameters related to inhalation of resuspended
soil for uranium-235 (less than 1%). Greater than 95% of the total dose uncertainty for all radionuclides
can he attributed to these parameters,

The sensitivity analysis for the river scenario evaluated uncertainty in dose to the collective popula-
tion, as opposed to individuals in the other cases. Because the dose is directly proportional to the number
of exposed people, parameters related to the size of the population were not considered in this case. The
set of radionuclides considered was the same as for the irrigated farm scenario and parameters that con-
trolled uncertainty in the total dose were similar. Drinking water consumption controlled the uncertainty
for neptunium-237 and selenium-79, accounting for 67% and 100% of the total, respectively. The irriga-
tion rate for leafy vegetables also contributed to the total for rieptunium-237. Parameters related to
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animal product ingestion accounted for the major uncertainties for the other radionuclides, but only
accounted for 30% to 70% of the total uncertainty in the effective dose equivalent.

4.2.4 Intruder Scenario Dosimetry

For the intruder scenarios, uncertainties in the quantity of grout brought to the surface, the area over

which the grout is distributed, and the initial concentrations of significant radionuclides in the grout con-
trolled the uncertainty in the total dose. Cesium-I 37 dominated the dose at 100 and 300 years after dis-
posal; tin-126 was the most significant radionuclide at 500 and 1,000 years after disposal. Uncertainty in
the duration of external exposure to soil containing the exhumed grout also contributed substantially to

the total dose uncertainty, but was less important than the other parameters. In the post-drilling scenario,
uptake of radionuclides by plants at early times and the quantity of soil resuspended and inhaled at later
times after disposal made minor contributions to the total uncertainty. For both scenarios, at all times,
these parameters accounted for 88% to 96% of the total uncertainty in the effective dose equivalent.

4.2.5 Sensitivity to Inventory

The sensitivity inventories of key radionuclides for groundwater scenarios are described in Sec-
tion 3.6.5.6. The release of contaminants to the water table is directly proportional to the disposal inven-
tory. If the number of vaults and site configuration are not changed, the concentration at a downgradient
well is also proportional to inventory. However, if the inventory change involves a change in the number
or layout of the grout vaults, the impact at a downgradient well will not be directly proportional because
of changes in the amount of mixing occurring at the well intercept, as discussed in Section 4.2.2.

For groundwater scenarios, the only important radiornuclides from a dose standpoint are iodine- 129,
technetium-99, and neptunium-237. In the central sensitivity case, the iodine-129 and technetium-99
dominate the initial plateau and the sharp peak that occurs after degradation of the asphalt barrier. The
final long-term plateau is dominated by neptunium-237.

The sensitivity cases provide inventory estimates for key radionuclides that are substantially larger
than the inventory used in the analysis. The impact of the largest sensitivity inventories can be illustrated
by calculating the dose for the central sensitivity case at several points in time. The doses are provided in
Table 4.7 for the times where maximums were obtained in the central sensitivity case simulation. These
maximums were shown in Figure 4.22 and consist of an initial plateau, a sharp peak resulting from
asphalt barrier degradation, and a final plateau. The times of the maximums are directly from the central
sensitivity case without an additional analysis to determine changes in the time of maximum impact as the
result of the inventory changes. The effect of simultaneously taking the high sensitivity case inventories
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Table 4.7. Impact of Maximum Inventory Sensitivity Case on Dose for the Central Sensitivity Case
Farm Scenario

Base Sensitivity First Plateau Sharp Peak Final Plateau
Inventory Inventory (mrem/yr at (mrem/yr at (mrem/yr at

Isotope (Ci) (Ci) 21,700 yr) 101,000 yr) 2.58 x 10 yr)

1291 14.6 46.4 3.7 15 3.7 x 10-
99Tc 6,310 21,960 6.3 43 0.57
237Np 53.7 56.1 1.2 x 10-6 0.23 3.7

Total Dose(a) 11 58 4.2

(a) The total doses in the central sensitivity case (Case 2.0) at each of these peaks were 3.0, 17, and
3.9 mrem/yr. The fraction of the total dose attributed to the three radionuclides was 1.000, 0.997
and 0.935. The totals in the table and percent change in the text following are calculated based
only on these three key radionuclides.

of the three radionuclides of interest is that the initial plateau and the sharp peak at barrier degradation are
increased by a factor of approximately 3.3 and 3.7, respectively. The long-term peak is less affected and
is increased by only 10%.

Sensitivity inventories for the intruder scenarios are described in Section 3.6.5.6. For inventory
sensitivity in the intruder scenarios, the distribution of the inventory between vaults is more important
than the total inventory. The important radionuclides are cesium-137, tin-126, and arnericium-241.
Technetium-99 and plutonium-238 contribute less than 2% of the total dose and are not considered in the
intruder dose sensitivity. The sensitivity cases identified for the intruder scenarios include a value for
cesium-I 37 based on the radionuclide heat load limit for the grout, and a value for americium-241 based
on the 100-nCi/g processing limit on transuranic content for the waste. The current inventory value for
tin-126 is already believed to be very conservative and the only sensitivity to this species was the use of
the integrated data base value for tin- 126, which is approximately a factor of 10 lower.

The sensitivity to inventory in the intruder scenarios is summarized in Table 4.8. In both the drill-
ing and post-drilling habitation scenarios, only changes in cesium- 137 are important at 100 years. At 500
and 1,000 years tin-126 is the most important radionuclide and reductions in this inventory significantly
reduce the dose. If the tin- 126 inventory is held at its base value (higher than its sensitivity case), adopt-
ing both the increased inventories for cesium- 137 and americium-241 causes the dose to slightly exceed
the 500-year, I00-mrem/yr performance objective in the post-drilling habitation scenario (1.1 x 102).
This performance objective is not violated if the tin-126 sensitivity is simultaneously adopted. At
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Table 4.8. Sensitivity to Inventory for Drilling Intrusion and Post-Drilling Habitation Scenarios

Drilling Scenario Post-Drilling Habitation Scenario
(mrem)a) (mrem/yr)(b)

Sensitivity Inventory 100 yr 500 yr 1,000 yr 100 yr 500 yr 1,000 yr

Base Inventory 2.9 x 10' 8.4 7.8 2.4 x 104 72 66

C3 7cs(C) 8.2 x 103  8.9 7.8 6.8 x 104 76 66
241 (d) 2.9 x 103 11 9.0 2.4 x 14 1.0 x 102 79

137Cs and 241 Am 8.2 x 10' 12 9.0 6.8 x 104 1.1 x 102 79
Sensitivity(e)
126So Sensitivity 2.9 x 10 1.8 1.2 2.4 x 104 19 13

(a) Performance objective is 500 mrem at 500 years. See Section 1.5.
(b) Performance objective is 100 mrem/yr at 500 years. See Section 1.5.
(c) Cesium- 137 sensitivity inventory is a factor of 2.8 increase to represent the radionuclide heating

limit for the grout.
(d) Americium-241 sensitivity inventory is a factor of 5.6 increase to represent the maximum amount

possible to meet the 100 nCi/g TRU limit on waste.
(e) Results calculated with both cesium-I 37 and americium-241 at their sensitivity values.
(f) Tin- 126 sensitivity inventory is a factor of 10> decrease to represent Integrated Database estimate.

1,000 years, tin-126 becomes relatively more important due to decay of cesium-137 and americium-241,
representing 94% and 89% of the dose in the drilling and post-drilling habitation scenarios, respectively.

4.3 Interpretation of Results

The majority of the activity in the waste to be disposed of in grout is associated with radionuclides
(particularly cesium-137) with relatively short half-lives. These radionuclides are effectively contained
within the engineered system and decay to negligible levels without reaching the accessible environment.
However, some radionuclides with significant dose impacts have extremely long half lives (for example,
16 million years for iodine- 129). For these radionuclides, the question is not whether the nuclide will
eventually escape the engineered disposal system but instead what will be the timing and rate of the
release. While intact, the engineered system does an excellent job of preventing transport of contami-
nants out of the engineered system. The ability of the engineered system to prevent release is decreased
as the engineered system degrades over time. However, the results indicate that, even with assumed
degradation, the performance objectives are still met in almost all cases. In a single case the drinking-
water dose from a low-volume well exceeded the programmatic performance objective of 4 mrem/yr at
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10,000 years. There is significant uncertainty in the long-term degradation of the engineered system over

time. The system is expected to degrade very slowly with possible sudden changes due to severe seismic

events. The conceptual model of degradation is important in determining the results obtained in the
analysis. Due to the uncertainty, a conservative approach to the degradation has been taken to provide
reasonable assurance that performance objectives will be met.

The analyses performed as part of this performance assessment required a large number of inputs in
the form of data and assumptions to complete the calculations. This section discusses the uncertainties in
the analysis and the conservatism that have been adopted. The nature of the data input and assumptions
must be considered, along with the result of the calculations. to provide reasonable assurance that the per-
formance objectives will be met.

4.3.1 Initial Physical Properties

In setting the initial physical properties for the grout disposal system, a mixture of data and assump-
tions were used. The physical properties are discussed for each media in which they occur.

4.3.1.1 Grout

The hydraulic conductivity and moisture retention properties for grout were measured on a grout
produced using pilot-scale equipment with a nonradioactive chemical simulant for double-shell slurry
feed (DSSF) waste. The dry blend mixture for the grout has since been changed and could potentially
change again for each tank grouted to optimize the grouting process. Laboratory measurements of
hydraulic conductivity support a value of 1.5 x 10-8 cm/s. This value is used in the sensitivity cases. An
initial value of I x 10-10 cm/s was used in the compliance cases and this value is then degraded to a value
of 1.5 x 106 cm/s over time. The effect of the grout hydraulic conductivity is relatively small while the
engineered system is of high integrity. The water retention properties of the grout were measured using
thermocouple psychrometry, and there is some uncertainty regarding the water retention properties
because adjustments were made for the vapor depression resulting from the high salt content of the waste.
However, sensitivity studies have indicated that the results are only moderately sensitive to increases in
the hydraulic conductivity of the grout. The model is sensitive to decreases in hydraulic conductivity
after the barriers degrade, but in the case of a decrease from the assumed value the effect is to decrease
the impacts.

The diffusivity in the grout is selected to account for degradation caused by high-temperature cur-
ing. The effective diffusivities of the contaminants are placed in transport groupings that lead to conser-
vatism for some species. Sorption coefficients are then calculated from the effective diffusivities. For
iodine-129 and technetium-99, there is sufficient leach data on which to establish the mobility within the
grout. However, for neptunium-237 data are not available for Hanford grout. Therefore, the grout distri-
bution coefficients for the grout have been selected to be very conservative. Data in the literature indicate
a distribution coefficient of 2,000 ml/g are likely (Hdgland et al. 1985). The value selected for this

September 1994 4.54



WHC-SD-WM-EE-004, Rev. 1

analysis was 125 ml/g. Use of 2,000 ml/g would be expected to greatly reduce the predicted impact of
neptunium-237. Additional detail on available neptunium-237 sorption data is provided in Appendix P,
Section P.2.1.

4.3.1.2 Concrete

The initial water retention and hydraulic conductivity for the concrete was measured on concrete
samples that differ from the concrete in the vault. The initial hydraulic properties used for the concrete
are believed to be reasonable. However, if the actual concrete properties were to differ significantly from
those assumed, the impact would be seen only at early time frames prior to the assumed degradation of
the concrete and asphalt barrier. The diffusivity value used for the concrete is believed reasonable for the
most mobile species. No sorption is assumed in the concrete, a conservative assumption for species that
are sorbed in the grout such as technetium-99 and neptunium-237.

4.3.1.3 Asphalt Barrier

The initial diffusivity for contaminants in the asphalt barrier is well supported by data in the litera-
ture as well as by experimental data collected for the Hanford Grout Disposal Program. The initial
asphalt diffusivity value used in the compliance cases was derived from nitrogen permeability data with-
out correction for the viscosity difference between nitrogen and water or the hydrophobic surface proper-
ties of the asphalt. This treatment is believed to be very conservative for intact asphalt. The asphalt bar-
rier is also assumed to be initially cracked at the upper corners of the vault These cracks may not occur,
may require an extended time to develop, or may be self-healing since the entire system is in compres-
sion. The cracks are assigned the hydraulic properties of backfill soil to prevent the assumptions about
the crack hydraulic properties from preventing release. It is possible that the cracks may remain empty
with hydraulic properties that diminish the significance of flow through the cracks. For the purpose of
vapor diffusion calculations, the crack is treated as being empty since this assumption is the more conser-
vative treatment for water vapor diffusion. The approach to the assumptions regarding cracking was
shaped by a desire to avoid meeting performance objectives through overly optimistic predictions of the
performance of the barriers.

4.3.1.4 Soil Properties

Assumptions about individual soil properties are based primarily on data taken on samples obtained
from a well drilled at the grout site. The stratigraphy is supplemented by additional data from wells in the
surrounding area. The soil properties used here are believed to reasonably represent the properties of the
soils beneath the disposal vaults. Sensitivity cases performed to examine the effect of the vadose zone
indicated that the primary effect is to provide a delay before radionuclides reach the accessible environ-
ment, especially for neptunium-237. The distribution coefficient for neptunium-237 in the soils was
taken as 3.0 ml/g, while information based on work on 200 West area sediments indicates a value of 10 to
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20 ml/g would be justified (Sheppard, Kitirick. and Hardt 1976. Serne et al. 1993). Use of the larger
distribution coefficient would have a significant beneficial effect on the timing and magnitude of the
neptunium-237 doses. No sorption is assumed for technetiumi-99 or iodine-129, as a conservative
treatment.

4.3.2 Recharge

The recharge rate assumed for the grout disposal site was 0.1 cm/yr. This assumption represents a
conservative estimate for the recharge through the Hanford barrier. In fact, 0.1 cm/yr is the estimated
recharge without a Hanford barrier. In addition to the 0.1-cm/yr case, the potential effects of 5.0-cm/yr
recharge and 0-cm/yr recharge through the grout site to an inhabitant have been analyzed.

4.3.3 Unknown Future/Degraded Properties

The greatest uncertainty associated with this performance assessment involves the prediction of the
long-term future of the vault system. It is this area of uncertainty that prevented a consensus on a single
best estimate case for the long-term performance of the disposal system. Because of this uncertainty, we
attempted to formulate a conservative treatment for degradation of the disposal system. In addition, the
impact of possible changes that could occur in the future have been analyzed, including a glacial flood
and a climate change that increases recharge to 5.0 cm/yr.

Sensitivity cases indicated that the performance of the system is sensitive to the assumptions about
cracks in the asphalt barrier and concrete vault. This information has been taken into account in the defi-
nition of compliance cases. Cracks are placed in the upper comers of the asphalt barrier after 100 years.
Additional degradation of the vault system is assumed to occur at fixed time intervals. The asphalt is
assumed to biodegrade from the edges of the barrier and within cracks at a rate of 1 x 10-3 cm/yr; the
measured value of biodegradation of irradiated AR-6000 asphalt in 70% saturated Hanford soil at ambient
temperature over 310 days is 1.0 x 10-4 cm/yr (Luey and Li 1993). The rate of degradation was greater
than I x 10-3 cm/yr in the compliance cases. Seismic events, rebar corrosion, and minor differential set-
tling contribute to possible cracks in the asphalt barrier, concrete, and grout. At 5,000 years the barrier
and concrete vault were modeled to experience generalized cracking that significantly reduces their effec-
tiveness. Between 5,000 and 40,000 years the grout, concrete, and asphalt reach a severely degraded
state. The changes are modeled as being sudden and occurring simultaneously. Actual changes may be
gradual over time and not all of the vaults are likely to degrade at the same rate. Different rates of vault
degradation would tend to smooth the peaks and reduce the maximum doses calculated.

It is believed that there is a reasonable expectation that the degradation modeled is greater than that
which will actually occur. However, the conservatism in the treatment is warranted by the uncertainty
regarding long-term properties of the system.
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4.3.4 Inventory

The results of the performance assessment are directly related to the inventory of important radio-
nuclides disposed of in grout (iodine- 129, technetium-99, and neptunium-237 for the groundwater path-
way). The current projected radionuclide inventory (total Ci values in Table 2.4) is based on analyses of
wastes to be grouted directly, and on estimates based on projected separations for wastes that must be
treated before they are grouted. The uncertainty of iodine-129, technetium-99, and neptuniWum-237 in the
inventory of the waste volume currently planned for grouting could increase dose through the ground-
water pathway by as much as a factor of 3.7.

Changes in inventory of other radionuclides cannot credibly change the groundwater-related doses
for the current disposal plans. The level of uncertainty in the inventory will be reduced as additional
tanks are analyzed and processed. Future changes in the disposal plans could also increase or decrease
the inventory of key radionuclides to he disposed of in grout.

4.3.5 Groundwater

Unlike travel time in the vadose zone, travel time in the saturated zone is relatively short and there-
fore unimportant in the analysis. However, because the performance objectives are closely linked to the
concentration of radionuclides in the well, the amount of mixing of contaminated recharge in ground-
water is a factor in the analysis. In addition, the manner in which a well is completed will influence the
concentrations seen in the well. The highest well concentrations will be seen for a short well screen near
the top of the saturated zone. The well construction selected was a 4.6-m well screen at the top of the
saturated zone consistent with monitoring well practices at Hanford. Contaminated recharge was
assumed to be mixed into the groundwater to a depth of 4.6 m, which, for a low volume well, is equiva-
lent to an assumption that the contamination is mixed with ihe groundwater over the screened interval of
the well. For higher pumping rates consistent with irrigation, a well intercept analysis was performed.
This analysis determined that over half of the contaminant plume would be intercepted by the well.

The use of a 4.6-m screened interval well placed in the center of the plume is conservative. Actu-
ally, an irrigation well screen would likely be placed deeper in the aquifer to ensure an adequate supply of
water. Also, such a well might not be positioned to maximize the intercept of contaminated water. How-
ever, by assuming a 4.6-m screen on a well centered in the plume, the result is conservative.

4.3.6 Exposure Scenario Dosimetry

There is uncertainty with the formulation of exposure scenarios. To account for this uncertainty, a
number of different scenarios are postulated that are formulated to be relatively conservative while still
realistic. Based on these scenarios, an analysis of the uncertainty in the dosimetry was performed. The
uncertainty in the farm, garden, and drinking-water scenarios is largely controlled by the consumption
rate of drinking water. The conversion from a concentration in drinking water to the resulting dose is per-
formed using widely accepted dose conversion factors. However, the uncertainty in these conversion
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factors is a factor of 10 or more. Actual doses from individual radionuclides could be higher or lower
than those currently calculated. To avoid confusion, the widely accepted conversion factors have been
used.

4.3.7 Climate Uncertainty

As discussed in Chapter 2, the climate is expected to remain relatively constant over the next 5,000
to 10,000 years. Over the 1,000,000 years modeled in this performance assessment, more dramatic cli-
matic changes are anticipated. The impacts of these changes have been addressed through analyses of
higher recharge rates to the soil corresponding to increased precipitation, and through consideration of a
"catastrophic" flood that would distribute the inventory over some region larger than the Grout Disposal
Facility. The timing of catastrophic natural events becomes significant when the event occurs before
complete degradation of the engineered disposal system. Aside fom the obvious devastating effects, a
catastrophic flood would actually reduce the doses from disposal of wastes in grout on the Hanford Site.
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5.0 Performance Evaluation

This performance assessment documents the potential radiological impacts to the public and the
environment from the disposal of grouted low-level radioactive wastes stored in double-shell tanks at the
Hanford Site. It estimates the impacts of the disposal action and compares the results to performance
objectives outlined in DOE orders. This chapter summarizes the results from Chapter 4 and compares
them to the performance objectives described in Chapter 1. It also provides recommendations for design
changes that could enhance the performance of the engineered grout disposal system and suggests data
needs and research that would reduce uncertainties and conservatisms in the performance assessment
analyses, thereby increasing confidence in the results.

5.1 Comparison to Performance Objectives

The performance objectives for the disposal of grouted low-level radioactive wastes stored in
double-shell tanks at the Hanford Site are derived from DOE Order 5820.2A (U.S. DOE 1988a) and
DOE-RL Order 5820.2A (U.S. DOE-RL 1990), and applicable federal, state, and local regulations as
described in Chapter 1. The performance objectives focus on protection of 1) the general public, 2) inad-
vertent intruders into the disposal site, and 3) the groundwater resource. Although the DOE-RL Order
specifies 1,000 years, the Hanford Grout Disposal Program has adopted 10,000 years as the performance
objective for protection of the general public and the groundwater resource. Comparison of the grout dis-
posal system performance to each of these objectives is addressed below.

5.1.1 Protection of the General Public

The performance objective for protection of the general public is to provide reasonable assurance
that the maximum radiation dose to any member of the public does not exceed 25 mrem/yr for
10,000 years after disposal. Beyond that time, exposures are to be as low as reasonably achievable
(ALARA) such that the peak collective dose to the exposed population is less than 500 person-rem/yr. In
addition, radon release rates to the atmosphere from waste storage and disposal facilities are to be less
than 20 pCi/M2-s. In this performance assessment, exposures to the public are postulated to occur
through the use of groundwater for farming/gardening or through use of the Columbia River.

Table 5.1 shows the results from the compliance cases. The regulatory (1,000 years) and program-
matic (10,000 years) performance objectives to limit doses to less than 25 mrem/yr are met. Beyond
10,000 years, the estimated doses in the irrigated garden groundwater scenario exceed 25 mxrm/yr. How-
ever, the 500-person-rem/yr performance objective is the applicable objective at these times, and this
objective is met. Radon emissions from the disposal site will be within limits. All performance
objectives related to protection of the general public, as defined in DOE Order 5820.2A and DOE-RL
Order 5820.2A, are met by the planned disposal of grouted low-level waste.

5.1 September 1994
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Table 5.1. Comparison to Performance Objectives for Protection of the General Public

Performance
Objective

25 mrem/yr up to
10,000 yr

25 mrem/yr up to
10,000 yr

20 pCi/m 2 -s

ALARA - 500
person-rem/yr(d)

ALARA - 500
person-rem/yr(d)

Exposure Path

Groundwater,
irrigated farm

Groundwater,
irrigated garden

Radon emission
in air

Columbia River

Groundwater,
community well

Estimated Dose or Fux(a)

<0.01 mrem/yr
at 1,000 yr b)

<0.01 mrem/yr
at 1,000 yr(b)

0.28 to
5.2 mrem/yrat
10,000 yP1.0c

0.47 to
8.2 mrem/yr at
10,000 yr(bc)

8 pCi/mn s

<0.1 person-rem/yr)

2.0 to 2.8 person-rem/yr(bc.e)

(a) Incremental increase.
(b) Maximum doses occur at end of indicated time period.
(c) Estimated doses shown span range covered by compliance cases modeled.
(d) For all times up to the year of maximum impact.
(e) In year of maximum impact.

5.1.2 Protection of Inadvertent Intruders

DOE Order 5820.2A provides performance objectives for the protection of intruders who "inadver-
tently may intrude into the facility after the loss of active institutional control (100 years)." The Order
provides a limit of 100 mrem/yr for continuous exposure and 500 mrem for a single acute exposure.
DOE-RL Order 5820.2A provides additional guidance for the Hanford Site. It specifies that for wastes
that may exceed the 100-rnrem/yr or 500-mrem intruder limits beyond 100 years, passive controls are to
be included in the disposal system to deter intruders for up to 500 years.

Because the grouted waste will exceed the intruder dose limits after the 100-year active institutional
control period, passive controls are incorporated in the disposal system to wam and deter potential inad-
vertent intruders. The grout will be disposed at a minimum 5-m depth below grade. In addition, to warn
of the potential hazard, the disposal site will include markers such as peripheral granite monoliths plus
several layers of warning discs emplaced in the permanent isolation barrier above the waste zone. The
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riprap layer in the permanent isolation barrier, the asphalt barrier, and the reinforced-concrete vault will
all act to deter intrusion. These measures are assumed to effectively prevent inadvertent intrusion for at
least 500 years. Therefore, the dose impacts for intruder scenarios are compared to performance objec-
tives at 500 years.

H is expected that drilling, either for a water well or mineral exploration, would be the most likely
form of inadvertent intrusion. Because the grout will be at least 5 m below grade, it would not be reached
during excavation for a residential basement. Therefore, intrusion during excavations was not considered
a plausible exposure scenario. The scenarios used in this performance assessment involve a single acute
exposure to a driller who drills directly through the grout, as well as the chronic dose to an individual who
grows a garden in soil contaminated by waste brought to the surface during drilling.

The doses for the two scenarios at 500 years are compared to the performance objective in
Table 5.2. Based on the analyses performed for the intruder scenarios, there is reasonable assurance that
the doses to inadvertent intruders will be within the performance objectives of 500 mrem for a single
acute exposure and 100 mrem/yr for chronic exposure at 500 years.

5.1.3 Protection of the Groundwater Resource

DOE Order 5820.2A requires protection of the groundwater consistent with federal, state, and local
requirements, and DOE-RL Order 5820.2A specifies that the dose from radionuclide concentrations in the
groundwater should not exceed an effective dose equivalent of 4 mrem/yr to an individual drinking 2 L/d
from the aquifer. Although the DOE-RL Order specifies 1,000 years, the program has adopted
10,000 years as the time period for the performance objective.

Table 5.3 shows the results of the groundwater protection analyses. Both radionuclide and chemi-
cal (nitrate) impacts are shown. The regulatory performance objective identified in DOE-RL
Order 5820.2A for groundwater protection at 1,000 years is met by the grouted waste disposal action.
The longer term, 10,000-year programmatic performance objective is achieved by all but one of the

Table 5.2. Comparison to Performance Objective for Protection of Intruders

Performance Dose at
Objective Exposure Path 500 years

500 mrem Drilling 8.4 mrem(a)

100 mrem/yr Post-drilling habitation 72 mrem/yr

(a) Effective Dose Equivalent.

5.3 September 1994
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Table 5.3. Comparison to Performance Objective for Groundwater Protection

Estimated Dose or Concentration

Performance Objective 1.0(X) yr 10,000 yr

Radionuclides 4 mrem/yr up to 10,000 yr <0.01 mrem/yr 0.42 to 6.9 mrem/yr

Nitrates (as N) 10 mg/L up to 10,000 yr <10 10 mg/L 6.1 mg/L

compliance cases evaluated in this performance assessment. In the one compliance case, there is sudden
drainage from the vault roof associated with the degradation of the roof. This drainage is not observed in

the other compliance cases because those cases more realistically include drainage paths associated with

the cover block joints. At the time of maximum impact beyond 10,000 years, doses from drinking
groundwater are above 4 mrem/yr.

The analyses of the compliance cases are believed to b, conservative, particularly with respect to
timing and rate of degradation of the engineered system. Biodegradation was modeled to consume the

asphalt in only 40,000 years as opposed to a projected 420,000 years, based on measured biodegradation
rates. The majority of cases included the development of patterned cracks in the asphalt barrier after only
5,000 years. Technical experts indicate that such a high degree of cracking is not expected until some-

time in the 10,000- to 100,000-year time period. The lowest all-pathways and drinking-water doses at
10,000 years shown in Tables 5.1 and 5.3 are for the delayed degradation compliance case in which pat-
terned cracking does not occur until 10,000 years. As more data become available with which to reduce
the uncertainties and conservatism in the analyses, we expect that all estimates of 10,000-year ground-
water impacts will meet the performance objectives established for the Hanford Grout Disposal Program.

5.2 Changes to the Design of Future Grout Disposal Systems

This performance assessment shows that the grout, the asphalt barrier, and the gravel layer play
important roles in the performance of the engineered disposal system. Several design changes to enhance
the performance of the engineered disposal system are suggested by the results of this performance
assessment. Because advection through the grout is the most significant release mechanism, these design
changes focus on minimizing advection by diverting infiltration away from the vault and barrier, mini-
mizing the potential for through-wall cracks in barriers and thus minimizing continuous advection path-
ways, and reducing the hydraulic conductivity of the grout, Additional analyses are required to demon-
strate and quantify the benefits of the proposed changes.

The gravel layer between the Resource Conservation and Recovery Act (RCRA) cover and the top
of the meter-thick asphalt barrier plays a key role in the performance of the system. The gravel acts as a
capillary break and diverts infiltrating water that would otherwise impinge directly onto the asphalt
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barrier. Making the gravel layer thicker should reduce any existing potential for the gravel layer to be
significantly degraded by the movement of fine soils into the open porosity of the gravel. Extending the
gravel and RCRA cover laterally well beyond the edge of the asphalt barrier should divert infiltrating
water beyond the influence of any cracks that may develop in the upper comer region of the asphalt
barrier. This region is believed to be a likely location for cracks to develop. To mitigate the effects of
potential cracks, gravel could be wrapped vertically around the upper comers of the asphalt barrier to
minimize water infiltration into any cracks in this region of the structure. A vertical gravel-filled trench
could be added at the ends of the gravel to ensure that vertical infiltration of diverted water would occur
well away from the asphalt barrier.

Cracks are projected to form at the top comers of the asphalt barrier because of settlement and
creep of the barrier as it fills the space initially occupied by the thermal insulation board between the
asphalt barrier and the concrete vault. The insulation board is required to protect the vault from thermal
stresses. It is composed of wood fiber and is susceptible to long-term degradation and disintegration.
The potential for substituting another material with equivalent thermal properties and a lower potential for
degradation should be studied. Gravel or asphalt-coated gravel may provide the necessary thermal pro-
tection for the vault and would also provide long-term structural stability. Such a design modification
would greatly reduce the potential for the asphalt barrier to slump, creep, and crack during the first few
thousand years.

In this performance assessment, the grout is modeled as having an initial saturated hydraulic con-
ductivity of I x 10-10 cm 2/s, which is then degraded in steps to 1.5 x 10-6 cm 2/s over 20,000 years. This
treatment is probably conservative and better data on the grout hydraulic conductivity are needed. Also,
through the grout formulation development efforts, it may be possible to reduce the hydraulic conduc-
tivity by several orders of magnitude. For example, the saltstone waste form used at DOE's facility at
Savannah River has been modeled with a saturated hydraulic conductivity of 1 x 10-11 cm/s. Changing
such a property of the grout could be accomplished by changing and testing the grout formulation.
Changing the formulation may require modifications to the Grout Processing Facility to process a denser,
more viscous slurry. A greater solids-to-liquid ratio implies that the volume of grout and number of
vaults would increase to dispose of the same volume of waste.

5.3 Data and Research Needs

This section describes the additional research and data collection that may be performed to reduce
the uncertainties and conservatisms in the performance assessment analyses. Pursuing this work is con-
sistent with the concept that the performance assessment is a "living" document to be maintained and
revised as additional information becomes available.

5.5 September 1994

. 1'



WHC-SD-WM-EE-004, Rev. I

5.3.1 Neptunium Sorption

Neptunium-237 is a key radionuclide that, in the compliance cases analyses, is the primary con-
tributor to dose in groundwater scenarios after 100,000 years. Unlike the other key radionuclides, a
Hanford-specific data set on which to base the mobility of neptunium in the grout and soil does not exist.
The distribution coefficients of 125 ml/g in the grout and 3 ml/g in the soil are conservative estimates
based on the general literature. In actuality, the expected distribution coefficients are 10 to 20 ml/g in the
soils and 1,000 to 6,000 mUg in the grout. Obtaining specific distribution coefficients for the grout and
soil could substantially reduce the impact of neptunium-237 and greatly reduce the calculated doses at
times greater than 100,000 years.

5.3.2 Technetium Release

Unlike neptunium-237, a substantial amount of data on the release of technetium-99 from Hanford-
specific grout have been obtained using a leach test configuration. The current sorption coefficients for
technetium-99 are derived from the behavior observed in leach tests relative to more mobile species such
as nitrate. Although this approach is believed to be valid, technetium-99 is an extremely important
isotope in terms of its contribution to doses in the performance assessment. Because of the importance of
technetium-99 and the advective rather than diffusive nature of the modeled release, additional data in
which the grout pore solution concentration of technetium-99 is directly measured over a range of waste
loadings would be useful.

5.3.3 Timing and Magnitude of Degradation

One of the greatest uncertainties in the performance assessment analysis is the degradation of the
engineered disposal system. The degradation estimates include predictions of the timing and magnitude
of cracks in the asphalt, concrete, and grout as well as predictions of the transport properties of the mate-
rials in their degraded states. It is difficult to predict the timing and magnitude of cracks over time (i.e.,
when and where do cracks form, what are the differences in their orientation, size, interconnectedness,
etc.). It is also difficult to predict the extent to which cracks in the grout and concrete would tend to plug
as a result of precipitation of solids within the cracks. In addition, the natural overburden pressure may
tend to close cracks over time. Because of the uncertainty in this area, a conservative approach has been
taken to modeling the degradation of the engineered system. Additional research to better define the
degradation of the engineered system over time may permit a more realistic treatment of degradation, in
turn permitting some conservatism to be removed from the model.

5.3.4 Hydraulic Properties of Grout and Concrete

Although the hydraulic properties of the grout and concrete are degraded over time in a conserva-
tive manner, additional data are needed to support the initial, intact hydraulic properties of the grout and
concrete. The grout hydraulic conductivity used in the compliance cases was based on scoping tests and
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needs to be confirmed. The water retention properties and hydraulic conductivity used here for the con-
crete may not accurately represent the actual concrete placed during vault construction.

5.3.5 Hydraulic Properties of the Asphalt Barrier

Hydraulic properties assigned to the original asphalt barrier also have a significant impact on the
dose predictions for times preceding substantial degradation of the asphalt barrier (e.g., though-wall
cracking and biodegradation). In the sensitivity studies, the hydraulic conductivity of intact asphalt was
arbitrarily set at I x 10.20 cm/s to prevent advection within the intact barrier material. The intact barrier
material is hydrophobic and has low permeability. Therefore, advection of water under unsaturated con-
ditions in this media is not expected. When simulated using a saturated hydraulic conductivity of
I x 10-11 cm/s (corresponding to the nitrogen permeability) and simulating the asphalt volume as water,
the doses were increased by 70% in the period preceding final asphalt degradation. The hydraulic con-
ductivity extrapolated from nitrogen permeability studies represents an upper bound on the properties of
the intact barrier. This value has not been adjusted for the viscosity of water nor for the hydrophobic
nature of the asphalt. Gathering the data needed to support these adjustments would reduce the impact
occurring at earlier times as a result of advection in the asphalt barrier.

If the asphalt cracks or degrades but the degraded material has a lower affinity for water than do
surrounding soils, the degraded asphalt barrier could still serve as an effective barrier to advection
through the engineered system. If additional research can establish the degraded properties of the asphalt
barrier, the data may allow some credit to be taken for the extremely long-term influence of the asphalt
barrier. Currently, the asphalt barrier is modeled to be completely degraded and is assigned the properties
of backfill soil after 50,000 years.

5.3.6 Hydraulic Properties of Gravel Layer

In this performance assessment, the behavior of the gravel layer above the vault is important to the
final result. The gravel layer forms a capillary break with overlying filter sand, diverting recharge that
would otherwise enter cracks assumed to be present in the asphalt barrier and concrete. The hydraulic
properties of the filter sand and gravel should be measured and experiments conducted to demonstrate the
capillary break for the materials and infiltration rates being used in the performance assessment.

5.3.7 Waste Inventory

Characterization data for existing tank wastes and definition of separation process flowsheets are
limited such that the final inventory of radionuclides to be disposed of as grouted low-level waste remains
uncertain. Increases or decreases in inventory without a change in the number or arrangement of vaults
create a linear response in the dose estimate. The impact of changes that alter the number of vaults is less
than proportional. The characterization data for existing tank wastes reflect the wastes to be disposed of
in the first vaults. Thus, the actual complete inventory for grout disposal will not be well known until all
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wastes are characterized and flowsheets are better defined. The existing low-level wastes are being char-
acterized and the concentrations are within the bounds of the inventory analyzed in this performance
assessment. As additional wastes are characterized and flowsheets are defined, the impacts on the proj-
ected inventory will be addressed in updates to this performance assessment.

5.3.8 Additional Modeling

As additional data describing the initial and degraded properties become available, the data need to
be incorporated into the model to establish their effect on the final dose estimate. Currently, additional
modeling work that could be performed includes an additional compliance case simulation that examines
the effect of placing the gravel wedge over a pair of vaults (as in the current design) rather than over a
single vault as is currently modeled. This treatment may reduce release. Also, the effect of placing a
water vapor diffusion source over the entire vault (rather than in the upper regions only) might be investi-
gated. In addition, other parameters that might be adjusted to represent more easily defended values
without significantly affecting doses would be the diffusivity in the gravel wedge and the initial grout
saturated hydraulic conductivity. In addition, the line of low conductivity cells included in some compli-
ance cases could be removed or degraded over time.

5.4 Conclusion

DOE Order 5820.2A requires that "field organizations with disposal sites shall prepare and main-
tain a site-specific radiological performance assessment for the purpose of demonstrating compliance with
performance objectives . . ." The performance objectives are prescribed in the Order and in DOE-RL
Order 5820.2A. The performance objectives for the Hanford Grout Disposal Program are to

I. protect the general public such that the maximum dose to an individual from all pathways
does not exceed 25 mrem/yr for up to 10,000 years

2. protect intruders through warning systems and limited inventory such that they receive no
more than a maximum single acute dose of 500 mrem or a continuous dose of 100 mrem/yr

3. protect the groundwater resource for up to 10,000 years such that an individual consuming
the groundwater at 2 L/d would receive a maximum dose of no more than 4 mrem/yr.

To meet these performance objectives, the Hanford Grout Disposal Program has designed a disposal sys-
tem composed of a cementitious grout waste form, reinforced-concrete vaults to contain the grout, an
asphalt barier surrounding the grout/vault structure, and surface barriers with warning markers to control
infiltration and deter intrusion into the disposal area. This assessment evaluates the performance of the
engineered disposal system, being conservative in approach in order to account for uncertainties. This
performance assessment provides a reasonable assurance that the disposal system will meet the perform-
ance objectives for disposal of low-level double-shell tank waste on the Hanford Site.
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6.0 Resumes of Preparers

KATHY A. BLANCHARD, Technical Communications Specialist, Communications Department, Pacific
Northwest Laboratory

B.A. English, Central Washington University 1982

Ms. Blanchard provides communications planning and writing and editing support to various programs in
PNL's Waste Technology Center. She is responsible for editing the performance assessment and oversee-
ing the document production tasks.

KENNETH W. BLEDSOE, Principal Engineer, Grout Technology Section, Westinghouse Hanford
Company

B.S. Geology, University of Washington 1960

Mr. Bledsoe has over 40 years of experience in the testing business in many different kinds of laborator-
ies. His experience includes 25 years in the field of engineering materials testing. He has had extensive
experience with portland cement products, asphaltic cement concrete, and soil mechanics. His past work
includes many investigations into construction failures, and production of numerous mix designs for con-
cretes, grouts, and mortars. Mr. Bledsoe is at present concerned with closure plans for the vaults and is
responsible for the formulation and placement of the cold cap grout.

CHARLES R. COLE, Staff Scientist, Hydrology Section, Earth and Environmental Sciences Center,
Pacific Northwest Laboratory

B.S. Physics, Kent State University 1964
M.S. Computer Science, Washington State University 1975

Mr. Cole has been a Staff Scientist at PNL since 1966. He has over 20 years of experience in ground-
water flow and transport modeling, as well as the modeling of chemical, biological, and ecological sys-
tems. Mr. Cole has developed various 2- and 3-D flow and transport codes and is a recognized expert in
groundwater modeling, with both national and international experience in nuclear waste management
studies involving performance assessment.
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JOHN M. CONNER, Engineer, Grout Technology Section, Westinghouse Hanford Company

B.S. Chemical Engineering, California State Polytechnic University 1989

Mr. Conner has been with the Hanford Grout Disposal Program for over 3 years. He has worked on
verification of grout quality, including core drilling of the first vault and development of nondestructive
testing methods. He wrote the sampling plan for the Grout Treatment Facility. Mr. Conner helped coor-
dinate responses to the Peer Review Panel comments on this performance assessment, and reviewed the
performance assessment for compliance with regulatory and guidance documents.

MICHAEL J. FAYER, Senior Research Scientist, Hydrology Section, Earth and Environmental Sciences
Center, Pacific Northwest Laboratory

B.S. Plant and Soil Science, University of Maine at Orono 1976
M.S. Plant and Soil Science, University of Massachusetts, Amherst 1981
Ph.D. Plant and Soil Science, University of Massachusetts, Amherst 1984

Dr. Fayer has 9 years of experience in unsaturated flow and transport studies, including performance
assessment and protective barrier studies. His work includes laboratory measure of the hydraulic and
geotechnical properties of uranium mill tailings; computer modeling of water, heat, and solute flow; and
management of the Hanford Site Performance Assessment project for three years. His contribution to this
performance assessment was his early involvement in analyzing the physical and hydraulic properties of
sediments from well 299-E25-234 at the Grout Treatment Facility Site.

MARK D. FRESHLEY, Senior Research ScientistlTechnical Group Leader, Geosciences Department,
Earth and Environmental Sciences Center, Pacific Northwest Laboratory

B.S. Geological Sciences, University of Washington 1979
M.S. Hydrology, University of Arizona 1982

Mr. Freshley has over 15 years of experience in both field and modeling studies in groundwater hydrol-
ogy. His participation in field analyses consists of field characterization of groundwater for the Site-Wide
-Ground-Water Monitoring Project at-the Hanford Site. In the-modeling area, his woit has focused on
simulating the movement of water and contaminants in the unsaturated zone for the high-level nuclear
waste study at Yucca Mountain, Nevada; predicting the movement of groundwater flow and contaminant
transport in the unconfined aquifer at the Hanford Site; and reconstructing the movement of radionuclides
in the atmosphere, surface water, and groundwater to estimate the potential dose from past Site emissions
for the Hanford Environmental Dose Reconstruction Project.
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DOUGLAS W. HENDRICKSON, Senior Engineer, Grout Facilities Engineering Section, Hanford Grout
Disposal Program, Westinghouse Hanford Company

B.S. Chemical Engineering, University of Texas 1984
M.S. Chemical Engineering, Washington State University In progress

Mr. Hendrickson has been the responsible engineer for Hanford double-shell tank waste sampling, char-
acterization, scheduling, and optimization for the Hanford Grout Disposal Program. Mr. Hendrickson
provided waste data accumulation and recommendations for this performance assessment.

WILLIAM E. KENNEDY, JR., Technical Group Leader, Environmental Health Physics Group, Pacific
Northwest Laboratory

B.S. Nuclear Engineering, Kansas State University 1973
M.S Nuclear Engineering, Kansas State University 1975

Since joining Pacific Northwest Laboratory in 1975, Mr. Kennedy has contributed to and led projects that
require the practical application of information in the areas of radionuclide effluent characterization and
environmental behavior, radiation dosimetry, safety assessment radiation shielding health physics, and
statistical analysis. He has been involved in the development and application of environmental pathway
and radiation dosimetry models used to assess the potential health and environmental impacts resulting
from release of radionuclides to the environment. He has specialized in using these models to evaluate
alternatives and predict health impacts from radioactive waste disposal, decommissioning of nuclear
facilities, and nuclear facility operation.

CHARLES T. KINCAID, Staff Scientist, Geosciences Department, Earth and Environmental Sciences
Center, Pacific Northwest Laboratory

B.S. Civil Engineering, Humboldt State College 1970
Ph.D. Engineering (Hydraulics), Utah State University 1979

Dr. Kincaid is the technical manager and a key contributor to the Grout Performance Assessment task for
the Hanford Grout Disposal Program. Prior to his assignment to this performance assessment activity, he
was Technical Group Leader of the Soil Physics Group within the Hydrology Section at PNL. Before
that he was Technical Group Leader of the Subsurface Transport Group. In the past decade he has been a
key contributor in two major software development efforts involving contaminant transport codes for the
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subsurface environment; one resulted in the development of a standard flow and transport software prod-
uct, and the other involved the merging of flow, transport, and mechanistic geochemistry software. He
has also contributed to other performance assessment studies, including the Hanford Defense Waste Envi-
ronmental Impact Statement published in 1987.

DAVID W. LANGFORD, Senior Software Engineer, Boeing Computer Services Richland

B.S. Physics, Washington State University 1976
M.S. Physics, Montana State University 1980

Mr. Langford has 13 years of experience in developing and applying numeric models to problems in con-
tinuum mechanics. Principal applications include saturated and unsaturated groundwater flow and con-
taminant transport. He has applied both finite difference and finite element modeling techniques to a
variety of problems.

BETTE G. LAUZON, Technical Writer/Editor, Boeing Computer Services Richland

B.A. Journalism, University of Washington 1976

Ms. Lauzon's experience includes writing and editing safety analyses, safety assessments, and regulatory
documents related to waste disposal and waste remediation. She assisted with the editing and production
of this performance assessment.

FREDERICK M. MANN, Fellow Scientist, Environmental Risk and Performance Assessment (ERPA),
Engineered Applications, Westinghouse Hanford Company

B.S. Physics, Stanford University 1970
Ph.D. Physics, California Institute of Technology 1975

Dr. Mann has 17 years of experience with the Westinghouse Hanford Company. Most of this experience
has been with nuclear data and the modeling (including code development) of nuclear facilities with large
computer codes. His contribution to this performance assessment included supervision of ERPA activi-
ties in groundwater flow and contaminant transport modeling as well as writing these sections.
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MICKI McKINLEY, Technical Specialist II, Geosciences Department, Earth and Environmental Sciences
Center, Pacific Northwest Laboratory

B.S. Environmental Resources Engineering 1992
Humboldt State University

Ms. McKinley chose water resources as the emphasis of her studies, with special attention to groundwater
modeling. Her senior project involved the development of a user interface for MODFLOW, a USGS
groundwater simulation model. Since beginning her employment with Battelle, she has worked inten-
sively with the SLAEMS model.

GARY W. McNAIR, Manager, Waste Systems Department, Waste Technology Center, Pacific Northwest
Laboratory

B.S. Nuclear Engineering, Oregon State University 1976
M.S. Nuclear Engineering, Oregon State University 1977
Ph.D. Nuclear Engineering, Oregon State University 1982

Dr. McNair has 12 years of experience in hazardous and nuclear waste management projects. He has
managed several research projects, including the performance assessment of a new technology to safely
contain radioactive and hazardous waste, an ALARA-based transportation analysis to determine an effec-
tive design for a nuclear waste transport system, the development of a computer code to analyze cost/risk
within transportation systems, and the development of an interface for a waste management system simu-
lation code. Dr. McNair previously managed the Grout Performance Assessment Task, and contributed to
the review of this performance assessment.

CLARENCE A. OSTER, Principal Software Engineer, Boeing Computer Services Richland

B.S. Mathematics, University of Oregon 1957
M.S. Mathematics, University of Oregon 1958

Mr. Oster has over 30 years of experience in numerical analysis and computer science. He participated in
the development of a research code to simulate transport of contaminants in a porous media containing
regions of diffusion-dominated transport and regions of advection-dominated transport. He currently is a
member of a team applying existing codes to such problems. Mr. Oster conducted modeling and
benchmarking/verification for this performance assessment
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KENNETH LEE PETERSEN, Principal Scientist, Environmental Technology and Assessment Group,
Westinghouse Hanford Company

B.A. Anthropology, University of Utah 1970
M.A. Anthropology, Washington State University 1975
Ph.D. Anthropology, Washington State University 1981

Dr. Petersen has 25 years of experience in multi-disciplinary environment- and climate-related studies,
including 10 years in managing, supervising, or coordinating large technical programs. He has expe-
rience in climate prediction, characterization, and reconstruction primarily using pollen but also other
proxy climate records. Since 1988, he has coordinated the long-term climate change assessment task and
the warning marker system for DOE's Hanford Protective Barrier Development Program. During 1987,
he coordinated an investigation to characterize the past, present, and potential future climate of a DOE
high-level nuclear waste repository at the Hanford Site. Between 1981 and 1985, he directed a team of
environmental specialists and consultants who analyzed the botanical, faunal, and geological and soil spe-
cimens recovered from a Bureau of Reclamation archaeological mitigation project associated with dam
construction in southwest Colorado to investigate the impact of climatic change on prehistoric inhabitants
of the region.

MEL G. PIEPHO, Principal Engineer, Environmental Risk and Performance Assessment Section,
Westinghouse Hanford Company

B.S. Mathematics and Physics, Butler University 1968
M.S. Physics, Indiana University 1970
M.A. Mathematics, Indiana University 1971
Ph.D. Physics, Indiana University 1974

Dr. Piepho has over 20 years of mathematical modeling, numerical analysis, and computer science experi-
ence. For the last 10 years he has concentrated on studies of vadose zone flow and waste transport (both
single and multiphase). He has previously performed flow and waste migration calculations for the
Hanford Defense Waste Environmental Impact Statement and the High-Level Waste Yucca Mountain
Project, which included flow in fractures. He modified PORFLOW specifically for this performance
assessment; in particular, the degradation of flow and transport properties over time and flow/transport in
fractures. He led and organized the flow and transport modeling effort at Westinghouse Hanford
Company, and produced all of the vadose zone results for the performance assessment.
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KATHLEEN RHOADS, Senior Research Scientist, Health Risk Assessment Department, Life Sciences
Center, Pacific Northwest Laboratory

B.S. Micmbiology, University of Washington 1972
M.S. Radiological Sciences, University of Washington 1979

Ms. Rhoads has been employed at Pacific Northwest Laboratory since 1975 in the Biology and Chemistry
Department (1975-85), Materials Sciences Department (1985-88), Health Physics Department (1988-93),
and Health Risk Assessment Department (1993-present). Her current responsibilities include risk assess-
ment and estimation of radiation doses following routine or accidental release of radionuclides to the
environment from nuclear facilities, and evaluation of health effects from energy production. Ms. Rhoads
is a member of the Health Physics Society, the National Association of Corrosion Engineers, and is
certified by the American Board of Health Physics.

MARK L. ROCKHOLD, Research Scientist, Geosciences Department, Earth and Environmental Sciences
Center, Pacific Northwest Laboratory

B.S. Geology, Kansas State University 1984
M.S. Soil Physics, Kansas State University 1988

Mr. Rockhold has over 5 years of experience in unsaturated flow and solute transport modeling related to
performance assessment studies. He is currently involved in the development and testing of a multiphase
flow and transport simulator that is being used in support of environmental remediation activities at vari-
ous sites. He estimated the physical and hydraulic parameters that were used for flow and transport mod-
eling and contributed to the verification and benchmark testing of the codes used in this performance
assessment.

R. JEFF SERNE, Staff Scientist, Geosciences Department, Earth and Environmental Sciences Center,
Pacific Northwest Laboratory

B.S. Chemistry, University of Washington 1969
B.S. Oceanography, University of Washington 1969

For the past 23 years, Mr. Serne has worked primarily in the areas of solidified waste-groundwater reac-
tions, soil-waste water interaction, sediment-heavy metal sorption-desorption phenomena, and radioactive
waste disposal processes. His work has involved developing mathematical predictor equations to evalu-
ate the migration potential of contaminants and investigating, through laboratory experiments and field
studies, the mechanisms of waste form leaching, sediment and soil-water ion exchange, and precipitation
and sequestration of trace contaminants, with emphasis on radionuclides and regulated trace metals.
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As part of the Hanford Grout Technology Program, Mr. Sene is performing laboratory studies to deter-
mine leach rates of contaminants from defense waste grouts, the subsequent interactions of the leachate
with sediments, and diffusion coefficients for contaminants through asphalt aggregate barriers.

JOHN W. SHADE, Principal Scientist, Grout Technology Section, Westinghouse Hanford Company

B.A. Geology, Miami University (Ohio) 1960
M.S. Geology and Chemistry, Miami University (Ohio) 1963

Geochemistry, University of Michigan 1963-64
Ph.D. Geochemistry, Pennsylvania State University 1968

Dr. Shade has over 30 years of experience in geochemistry and materials science, with 20 years of experi-
ence in nuclear and hazardous waste environmental problems. He has had several years of experience in
waste-form development; leach testing methodology development; and studies of waste-form durability,
rock-water interactions, waste package systems, in situ vitrification, and cement and glass chemistry. He
has provided technical oversight, coordination, and integration for Westinghouse Hanford Company for
their support of the Hanford Grout Technology Program. He also wrote Chapter 2 and contributed to
other chapters in the areas of grout properties, source term, and engineered system degradation processes.

SANDRA F SNYDER, Research Scientist, Health Risk Assessment Department, Life Sciences Center,
Pacific Northwest Laboratory

B.S. Environmental Management, Pennsylvania State University 1986
M.S.P.H. Health Physics, University of North Carolina 1991

Ms. Snyder has been involved in several environmental accumlation and dose assessment projects. She
has developed expertise in modeling the environmental dispersion of radioactive materials and parameter
selection for these models. Her expertise has been used in this performance assessment to select the
appropriate exposure parameters for the scenarios evaluated. She has also contributed to the generation
of the dose estimates. She also performed the sensitivity analysis on the dose assessment model.
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W. HOWARD SUTHERLAND, Fellow Engineer, Engineering Development Department, Design and
Evaluation Section, Westinghouse Hanford Company

B.S. Chemistry, Brigham Young University 1956
M.S. Applied Mathematics, Iowa State University 1959
Ph.D. Engineering Mechanics, University of Washington In progress

Mr. Sutherland has 34 years of experience in developing and applying nonlinear structural analysis
codes to a variety of problems in the aerospace industry, fast reactor core design, and NASA space station
program. Mr. Sutherland provided benchmarking/verification of version 2.394gr of PORFLOW, a code
used for this performance assessment. He also provided an independent check of all PORFLOW input
decks that were used in this performance assessment.

JEFFRY A. VOOGD, Manager, Grout Technology Section, Westinghouse Hanford Company

B.S. Chemical Engineering, University of Washington 1977

Mr. Voogd is currently manager for technology activities leading to disposal of Hanford's low-level tank
waste. His responsibilities in this role include characterization of low-level tank waste, waste form
development, engineered system performance testing (vault and barriers), quality verification develop-
ment, and performance assessment. Prior to this position he was responsible for Hanford's high-level
waste form qualification activities, and technical liaison with Savannah River vitrification development
testing. His background also includes 5 years of nuclear fuel reprocessing experience.

DALE F WASHBURN, Technical Writer/Editor, Boeing Computer Services Richland

B.S. Scientific and Technical Communication
University of Washington 1988

Mr. Washburn has 4 years of experience writing and editing safety analyses and regulatory documents
related to nuclear processes and hazardous waste disposal. His education includes background in
environmental chemistry. He reviewed the performance assessment to ensure continuity among the work
of the various contributors and assisted in preparing certain sections.
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JOSEPH H. WESTSIK, JR., Senior Research Engineer/Group Leader, Waste Process Engineering
Department, Waste Technology Center, Pacific Northwest Laboratory

B.S. Chemistry, Washington State University 1974
M.S. Chemical Engineering, University of Washington 1980
M.S. Engineering Management, Washington State University 1991

Mr. Westsik is the project manager for the Hanford Grout Technology Program, which is charged with

preparing this performance assessment. He has worked in the areas of radioactive and hazardous waste

management and chemical process engineering. He has been a participant and project manager for sev-
eral projects to evaluate the performance characteristics of waste forms for the disposal of high-level,
transuramc, and low-level radioactive wastes.

GREG A. WHYArr, Senior Development Engineer, Waste Process Engineering Department, Waste
Technology Center, Pacific Northwest Laboratory

B.S. Chemical Engineering, Washington State University 1985
M.S. Chemical Engineering, Washington State University 1986

Professional Engineer, State of Washington

Mr. Whyatt was the manager of the January 1991 version of the grout performance assessment and has
acted as a technical contributor and contributing author for this performance assessment. His other
involvement in the grout project has included directing pilot-scale grout production to assess the process-
ing characteristics of double-shell slurry feed grout. He has also been involved in testing the liners,
asphalt barrier, and other materials to be used in constructing the grout vaults.

BOB V WINKEL, Westinghouse Hanford Company

B.S. Civil Engineering, Brigham Young University 1965
M.S. Structural Engineering, Brigham Young University 1967
Ph.D. Civil Engineering, University of Colorado 1970

Dr. Winkel has worked for over 23 years as a structural analyst in the nuclear industry, with 19 of those
years at Hanford. The majority of his work experience has involved code evaluations (AC, ASME,
AISC) of new and existing structures. Several of these evaluations have involved aging reinforced con-
crete structures, including B Plant, T Plant, and K Basin. These evaluations have involved aging con-
cerns and structural adequacy of the aging structures for natural phenomena, such as seismic events. He
has many years of involvement in professional engineering society activities, and has published several
papers. He is currently serving on the ASCE Dynamic Analysis Committee, Structural Capacity and Fail-
ure Mode Working Group.
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DONALD E. WOOD, Advisory Scientist, Technology Development Department, Westinghouse Hanford
Company

B.S. Physics, University of Nevada 1951
M.S. Physics, Northwestern University 1953
Ph.D. Physics, Northwestern University 1956

Dr. Wood is a member of the Steering Committee and a key reviewer for the grout performance assess-
ment. He has 17 years of experience in reliability, safety, and performance assessment activities, and
chairs the Performance Assessment Task Team for DOE-HQ.

MARCUS 1. WOOD, Principal Scientist, Solid Waste Disposal, Westinghouse Hanford Company

B.S. Geology, University of North Carolina 1973
Ph.D. Geology, Brown University 1980

Dr. Wood is currently responsible for developing a performance assessment analysis for the disposal of
solid low-level waste in near-surface facilities at the Hanford Site. He has directed numerous projects to
quantify the geochemical properties of radionuclides in the Hanford geohydrologic environment.
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